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BACKGROUND OF THE INVENTION ~ '-P , 

1. Field of the Invention <^ 

The present invention relates to a 

double- resonance -absorption microscope that achieves 
super- resolution by using a double-resonance absorption 
process, 

2 . Description of the Related Art 

In recent years, there have been developed various types 
of optical microscopes with high performances and multiple 
functions, along with the developments in the peripheral 
technologies including laser and electronic graphics 
technologies. As one of these optical microscopes, there has 
been proposed, by the inventor of the present invention, a 
microscope capable of contrast control of an image and chemical 
analysis of a sample by the use of a double resonance absorption 
process caused by irradiating the sample with plural wavelengths 
of light. This is hereinafter referred to as a 
double-resonance-absorption microscope (see Japanese patent 
application No. 329165/1994) . 

This double-resonance-absorption microscope can, by 
using the doubae regpnance absorption process , select a specific 
kind of molecule^arld observe absorption and fluorescence ca^ 
by a specif icN^E^tical transition. The principle is descr 




1 



Sample molecules forming a sample in a ground state (state So 
of Fig. 1) have electrons in a valence electron orbit. These 
electrons in the valence orbit are first excited to a first 
electronic excited state (abbreviated state Si in Fig. 1) by 
ght, suc^KaTs a iaser beam, of a resonance wavelength MTand 
'"ubsequentN^ y to ya. second electronic excited state or a higher 
excited state (abbreviated state S2 in Fig. 3) by light of a 
resonance wavelength X2 . Then, the molecules in this excited 
state return to the ground state while emitting a fluorescence 
or a phosphorescence as illustrated in Fig. 4. An absorption 
image or a luminous image is observed by using the absorption 
process of Fig. 2 or the emission of the fluorescence or 
phosphorescence illustrated in Fig, 4. 

In the excitation process to state Si, the number of 
molecules in state Si in a unit volume increases as the intensity 
of the irradiating light increasies. Since a linear absorption 
coefficient is given as the product of an absorption 
cross-section per molecule and the number of molecules per unit 
volume in the excitation process to state 82, the linear 
absorption coefficient for the resonance wavelength X2 
subsequently irradiated depends on the intensity of the light 
of the resonance wavelength Xi first irradiated. Accordingly, 
the linear absorption coefficient for the resonance wavelength 
X2 (hereinafter often simply referred to as the wavelength X2) 
can be controlled with the intensity of the light of the resonance 



2 



wavelength Xi (hereinafter often simply referred to as the 
wavelength Xi) . This indicates that, when irradiating a sample 
with two wavelengths Xi and X2 of light and observing a transmission 
image obtained by the wavelength X2, contrast of the transmission 
image can be completely controlled with the light of the 
wavelength Xi . Further, when the excited molecules deexcitate 
from state S2 by emitting fluorescence of phosphorescence, its 
luminous intensity is proportional to the number of molecules 
in state S2 . Therefore, the image contrast can be controlled 
where the instrument is used as a fluorescence microscope. 

Furthermore, the double-resonance-absorption microscope 
enables chemical analysis, as well as contrast control. Since 
the outermost valance orbit in Fig . 1 has an energy level intrinsic 
to each individual sample molecule, the wavelength Xi differs 
among each individual sample molecule. Also, the wavelength X2 
is also intrinsic to each individual sample molecule. The prior 
art microscope which performs its irradiation and observation 
with a single wavelength can observe an absorption image or a 
fluorescence image of a specific molecule to a certain extent. 
However, it cannot accurately identify the chemical composition 
of a sample because, in general, the ranges of absorption 
wavelengths of some molecules overlap with each other. In 
contrast, the double -resonance -absorption microscope can limit 
absorbing or emitting molecules by the two wavelengths of Xi 
and X2 and thus identify the chemical composition of the sample 



more precisely than the prior art instrument. 

Moreover, when the valance electron is to be excited, only 
light having a certain electric-field vector with respect to 
the molecular axis is intensively absorbed. Thus, if an 
absorption image or fluorescence image is obtained while 
determining the polarization directions of the wavelengths Xi 
and X2/ the orientation directions can also be identified for 
the same molecule. 

There has also been proposed, by the inventor of the present 
invention, another double-resonance-absorption microscope of 
a high spatial resolution exceeding the diffraction limit by 
using the double resonance absorption process. In the double 
resonance absorption process, there exist some molecules which 
emit extremely weak fluorescence from state S2 as in Fig. 5. The 
molecules having such optical properties experience a unique 
phenomenon as described below. 

Fig. 6 is a conceptual diagram>t5T^ double^-afesonanb.e 
absorption process similarly to Fig. \5.^X-^xis is ( talicn - on tMe 
horizontal axis of Fig . 6 to express the spreadof spatial distance 
In Fig. 6, a spatial area Ai is irradiated with both wavelengths 
Xi and X2 of light, while a spatial area Aq is irradiated with 
only the wavelength Xi of light. These spatial areas Ai and A2 
are referred to as the fluorescence inhibited area and the 
florescence area, respectively. 

In the spatial area Ao, a great number of molecules in 
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state Si are generated by the excitation with the wavelength 
Xi , and fluorescence emitted with a wavelength X3 can be observed . 
In the spatial area Ai, however, the molecules in state Si are 
instantly excited to the higher state S2 by irradiation with 
the wavelength X2 and thus disappear . As a result, the fluorescence 
is completely inhibited in the spatial area^^^^bjbcause the 
fluorescence of the wavelength X3 will not be emitted at all 
and because the fluorescence from molecules in state S2 does 
not exist intrinsically. Consequently, the fluorescence is 
emitted only from the spatial area Aq . Such a phenomenon has 
been observed with some kinds of molecules. 

Accordingly, in the prior art scanning laser microscope 
or the like, the size of a microbeam that is created on an observed 
sample by focusing laser light is determined by the diffraction 
limit that depends on the numerical aperture of the focusing 
lens and on the wavelength . It cannot be theoretically expected, 
therefore, that higher spatial resolution will be obtained. In 
the phenomenon illustrated in Fig. 6, light of wavelength Xi 
and light of wavelength X2 are made to overlap with each other 
spatially and thus fluorescence region is restricted with 
illumination of light of wavelength X2 . Therefore, if we take 
notice of a region irradiated with light of wavelength Xi, the 
fluorescence region is narrower than the size of the beam that 
is determined by the numerical aperture of the focusing lens 
and by the wavelength. This substantially improves the spatial 
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resolution . The present inventor' s double-resonance-absorption 
microscope (see Japanese patent application No. 302232/1996) 
uses this principle to achieve a microscope having 
super-resolution exceeding the diffraction limit. 

In an attempt to further enhance the super- resolution of 
the double-resonance-absorption microscope, the present 
inventor has already made a proposal for adjusting the sample 
to make full use of the functions and for timing at which light 

of wavelength Xi and light of wavelength X2 are directed to the 
sample (see Japanese patent application No, 255444/1997) . In 
particular, the sample is stained with staining molecules , which 
have at least three quantum states So, Si, and S2 including the 
ground state. Furthermore, when these molecules are deexciting 
from a higher quantum state excluding state Si to the ground 
itate, a thermal rel^^aoc^tion process is more prevalent than 
^rfelaxation process kwitia/ to fluorescence. These molecules are 
hereinafter referred to as the fluorescence labeler molecules. 
In a sample, such fluorescence labeler molecules and biological 
molecules biologically stained are chemically bonded. This 
sample is irradiated with light of wavelength Xi to promote the 
fluorescence labeler molecules to state Si. Immediately 
thereafter, the sample is irradiated with light of wavelength 
X2 to excite the fluorescence labeler molecules to a still higher 
quantum level. Consequently, fluorescence from state Si can be 
effectively suppressed. At this time, the aforementioned 
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artificial spatial suppression of the fluorescence region is 
performed. In this way, a further improvement of the spatial 
resolution can be accomplished. 

The optical properties of the above-described 
fluorescence labeler molecules can be explained from a 
quantum-chemical point of view as follows. Generally, molecules 
are bonded by a bond or Trbond of atoms constituting the molecules . 
In other words, molecular orbits have a-molecular orbits or 
TT- molecular orbits . Electrons existing in these molecular orbits 
play a key role in bonding together atoms . Among them, electrons 
in a-molecular orbits strongly bond atoms and determine the 



intermolecular distances wi^tjiin each molecule (i.e., the 
skeleton of the iifolecule) . On the^ther hand, electrons in 



TT-molecular orbitLsjlittle/contribute|tc^bonding of atoms . Rather, 
they are bound to^the whole mole^urle with a quite weak force. 



Where electrons existing in a-molecular orbits are excited 
with light, interatomic spaces in a molecule often vary greatly, 
resulting in a large structural change including dissociation 
of the molecule. As a result, the kinetic energy of the atoms 
or the energy given to the molecule by the light to cause the 
structural change is almost fully, changed into thermal energy. 
Therefore, excitation energy is not consumed in the f ormof light, 
i.e., fluorescence. Since a molecular structural change takes 
place quite quickly (e.g. , in a time shorter than picosecond) , 
if fluorescence occurs during the process, the life of 



fluorescent light is quite short. On the other hand, where 
electrons in TT-molecular orbits are excited, the molecular 
structure itself is hardly varied. The electrons stay in 
higher-order discrete quantum levels for a long time. They 
release fluorescent light for orders of nanoseconds and deexci te . 

In quantum chemistry, having a TT-molecular orbit is 
equivalent to having a double bond for a molecule . It is necessary 
that a fluorescence labeler molecule having a rich amount of 
double bonds be selected. It has been confirmed that among 
molecules having double bonds, six-membered ring molecules such 
as benzene and belladine show quite weak fluorescence from state 
S2 (e.g., M. Fujii et. al . , Chem. Phys . Lett. 171 (1990) 341). 

Therefore, if molecules including six-membered rings such as 

i 

benzene and belladine are selected as fluorescence labeler 
molecules, the life of fluorescence from molecules in state Si 
is prolonged. In addition, fluorescence from molecules can be 
easily suppressed by exciting them from state Si to state S2 
by light illumination. Hence, it is possible to make effective 
use of the super-resolution of the aforementioned 
double-resonance absorption microscope. 

That is, if a sample is stained with these fluorescence 
labeler molecules and an observation is made, a fluorescence 
image with high spatial resolution can be obtained . Additionally, 
only a desired chemical structure of a biological sample can 
be stained by adjusting the chemical groups on side chains of 
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the fluorescence labeler molecules . Inconsequence, even 
chemical compositions of the sample can be analyzed. 

Generally, a double-resonance-absorption process takes 
place only when two wavelengths of light, state of polarization, 
and other factors satisfy certain conditions. Therefore, use 
of this process makes it possible to know the molecular structure 
quite accurately. In particular, the direction of polarization 
of light has a strong correlation with the direction of 
orientation of the molecules. A strong 

double- resonance-absorption process occurs when the directions 
of polarization of two wavelengths of light have certain angles 
with respect to the direction of orientation of the molecules. 
Accordingly, the degree of extinction of fluorescence is varied 
by illuminating the sample with the two wavelengths of light 
and rotating their directions of polarization. Hence, 
information about the spatial orientation of a structure to be 
observed can be obtained by observing the manner in which the 
extinction varies. This can also be made possible by adjusting 
the two wavelengths of light. 

Another method as proposed in Japanese patent application 
No. 2 5 54 44/19^9vimproVes the S/N of the resulting fluorescence 
image and \Bijpp- r QS& jrn-g /the fluorescence more effectively by 
appropriately adjusting the timing at which the wavelengths Xi 
and X2 of light are illuminated. 

In addition, the present inventor has proposed a method 
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of improving the S/N and suppression of fluorescence further 
by more ingeniously devising the timing at which the wavelengths 

Xi andX2 of light are illuminated ( see Japanese patent application^ 
No. 97924/1998) . 

The region irradiated with the light of wavelength Xi 

overlaps a part of the region irradiated with the light of 

wavelength X2 as mentioned previously. This can be accomplished 

by shaping the light of wavelength X2 into a hollow beam (i.e. , 

having a central portion (around the axis) of zero intensity 

and having an intensity distribution symmetrical with respect 

to the axis) , bringing this hollow beam into regdTStry wdThh a 

J W ^^^^ ) 

part of the light of wavelength Xi, and focusing J^fi^ oij/to a 
sarnie, p'ig. 7 is a conceptual diagram illustrating this overlap 
>rescence suppression caused thereby. The light of 
wavelength X2 is shaped into a hollow beam by a phase plate as 
shown in Fig. 8. The light of wavelength X2 in the form of a 
hollow beam and light of wavelength Xi are made to ov^rfT^p with 
each other. This suppresses fluorescence other tha/n^^a /region 
close to the optical axis where the intensity of light of 
wavelength X2 is zero . Only f luorei scene e is observed which arises 
from the fluorescence labeler molecules (or sample molecules) 
existing in a region narrower than the spread of the light of 
wavelength Xi . As a result, super-resolution is developed. 

The phase plate of Fig. 8 gives a phase difference of tt 
to the light of wavelength X2 with respect to the optical axis. 



The light of wavelength X2 is passed through this phase plate, 
inverting the phase of the light of wavelength X2 in the region 
on and close to the optical axis. As a consequence, the electric 



field strength in the region close to the opJ:ical axis is brought 

to zero. Thus, the light of wavelength (X2^- ci ^ >^uiuliiy ^the^f orm of 
a hollow beafti^can be obtained. 

While the double- resonance-absorption microscope 
developed thus far by the present inventor exhibits excellent 
super-resolution and analyzing capability (which provide great 
usefulness) and technical superiority, the actual situation is 
that this instrument still has points to be improved as described 
below. Light for exciting sample molecules (i.e., molecules 
constituting a sample) from state So to Si is hereinafter referred 
to as "pump light". Light for exciting molecules in state Si 
to state S2 is referred to as "erase light" . Erase light assuming 
the form of a hollow beam is referred to as "hollow erase light" . 
Excitation from state So to state Si is abbreviated as "excitation 
So — > Si". Excitation from state Si to state S2 is abbreviated 
as "excitation Si — > S2" . Where a sample is stained with 
fluorescence label er molecules to realize super - resolution more 
effectively, the sample molecules are none other than the 
fluorescence labeler molecules. 

[l] Ideal Hollow Erase Light 

First, in order to realize super- resolution by a 
double-resonance-absorption microscope as expected 
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theoretically by suppression of a fluorescence region to^^g^o 
partial overlap between regions irradiated with pump light and 
erase light, respectively, it is necessary that the hollow erase 
light assume the anticipated form of a hollow beam. Disturbance 
of this shape of the hollow beam, i.e., disturbance of the 
intensity distribution, leads to deterioration of the microscope 
image . 

Lasers are often used as light sources for erase light. 
In order to shape erase light from a light source into the expected 
hollow beam, it is absolutely necessary that the beam profile 
of the laser light be ^r-^gulat^. That is, the intensity 
distribution of the bea\n ^swimetrical with respect to the 
optical axis . However, thebeamprof ile of a dye laser , for example, 
is close to a triangle. Furthermore, the intensity distribution 
is not uniform. Therefore, it may be difficult to obtain the 
expected hollow beam. Consequently, the beam profile focused 
onto a sample shows a disturbed beam pattern. This causes a 
deterioration of the resolution or image quality of the 
microscope . 

Furthermore, it has been proposed to obtain hollow erase 
light via a zonal aperture . However, if this aperture is utilized, 
it isdif f icult to perform alignment or focusing. A long adjusting 
time and a very large amount of labor are required until a good 
image is obtained. Moreover, skillfulness for this is necessary. 
These are unfavorable in practical applications. 



12 



Additionally, a first-order Bessel beam having an ideal 
beam profile as hollow erase light has been proposed. As shown 



revolution around the optical axis, the phase varies by 2Tr. 
Theoretically, two points that are symmetrical with respect to 
the optical axis are shifted in phase with respect to each other 

by TT. Therefore, on the axis, the electric fields completely 
cancel out, and the strength of the resultant field is zero. 
In practice, however, the phase plane of the laser light is not 
completely uniform within the plane of the beam. As it goes away 
from the center of thebeam, the phaseplanebecomes more disturbed. 
Therefore, when a first-order Bessel beam is created, 
cancellation of the electric fields becomes incomplete due to 
the disturbance of the phase plane . In the resulting first-order 
Bessel beam, the intensity at the center of the beam is not exactly 
zero. It cannot be said that this hollow erase light is ideal 
for a double-resonance-absorption microscope. 

Accordingly, there is a demand for a technique capable 
of generating both super- resolution and ideal hollow erase light . 
[II] Operability and Maintainability of Light Source 

Secondly, the double-resonance-absorptionmicroscope is , 
of course, required to have good operability and maintainability 



in the same way as other microscopes. C^tre^^^j^^ pgcterdr^ia^^ 
above-described double-resonance-absorption microscope uses a 



in Fig. 9, if the first-order Bessel beam is caused to make one 




wavelength variable laser such as a dye laser or an optical 
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parametric oscillator (OPO) as a light source and so this 
technique can be applied to resonance conditions of various 
fluorescence labelex>/m)lec\iles . However, conventional dye 
lasers suffer from dropsjW snnount of light due to deterioration 
of dyes . Also, frequent and cumbersome operations for replacing 
the dye are necessary . Therefore, the dye lasers are not favorable 
from a practical point of view. The OPO is convenient but is 
a quite accurate optical system. Therefore, humidity and 



temperature must bej controlled j^rictl^. Furthermore, the used 
nonlinear optical crystal has a short>::il>fe and is expensive. 
Since the whole system is also expensive,^h^avy burden is imposed 
on the user in servicing the light source. Accordingly, there 
is a demand for a light source that has excellent operability 
and maintainability. 
[Ill] Mixing of Excitation Light into Detection Signal 

Thirdly, depending on the molecules to be excited, the 
wavelength range of fluorescence from the molecules may be close 
to or overlap with the wavelengths of erase light and pump light 
for exciting the molecules. Therefore, when the resulting 
fluorescence signal is detected, the excitation light forms 
background light. This may make it difficult to extract the 
fluorescence signal to be measured. Especially, for the erase 
light, it is necessary to excite the molecules from state Si 
to state S2 and so the intensity is relatively high. Its effects 
need to be taken into consideration. For example, in the 
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above-cited technique (Japanese patent application No. 
97924/1998) , where a sample is stained with fluorescence label er 
molecules, iif rhodamine 6G is used as the fluorescence labeler 
molecules, the fluorescence region extends from a wavelength 
of about 530 nm to a wavelength of 650 nm as shown in Fig. 10. 
The wavelength of the pump light for rhodamine 6G is 532 nm, 
while the wavelength of the erase light is 599 nm. Therefore, 
the fluorescence region overlaps with the exciting wavelengths . 
Consequently, the S/N of the obtained fluorescence image is not 
good. Accordingly, there is a demand for a technique for 
suppressing mixing of the excitation light into the detected 
signal, thus achieving high S/N. 
[IX] 3D Spatial Resolution 

Fourthly, attempts have been made to improve the 
performance of microscopes in recent years. In this connection, 
realizing sufficient depth resolution in the direction of the 
optical axis, i.e., 3D (three-dimensional) spatial resolution 
is a great subject. However, the double- resonance-absorption 
microsQ<5^ hasrto depth resolution in the direction of the optical 
ax:^^ s- imilarly tojother conventional optical microscopes. As 
mentioned previously, where the region irradiated with pump light 
is made to overlap with the region irradiated with erase light, 
the spatial resolution is improved only in two dimensions. In 
peripheral regions of the pump light beam with which the erase 

i 

light overlaps, fluorescence is suppressed. However, on the 
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optical axis in the hollow portion of the erase light, 
fluorescence is not suppressed at all, but rather molecules on 
the optical axis emit light. Thafc^^^TsX in theory, there is no 
depth resolution in the direction(of ^^optical axis. To have depth 
resolution, pinholes may be placed over the whole surface of 
the detector and at the confocal position . Unfortunately, this 
may present practical problems. That is, alignment of the 
focusing optical system including the pinholes is made complex. 
Furthermore, the number of photons of fluorescence reaching the 
detector is reduced. Therefore, if a microscope equipped with 
anuncomplex focusing optical system and having depth resolution, 
in addition to 2D ( two-dimejisi^n^^-H^esQluti can be designed, 
then a microscope havingi^ tfnpnacod n n fi n dl y/high performance can 
be accomplished. Accordingly, there is a demand for a technique 
capable of realizing excellent 3D spatial resolution. 
[X] Fluorescence Correlation Method 

Fifthly, a fluorescence correlation method capable of 
making fluorescence analysis at a single molecular level has 
been known. Where a fluorescence analysis is performed by the 
prior art fluorescence correlation method- using a 
double- resonance-absorption microscope, some problems remain 
to be solved. That is, where a pulsed light source such as a 
pulsed laser is used as a pulsed light source, it is quite difficult 
to precisely measure a fluorescence correlation function only 
depending on a fluorescent phenomenon. This problem will be 
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described in further detail below . Accordingly, there is a demand 
for a novel fluorescence correlation method capable of precisely 
measuring a fluorescence correlation function relying only on 
a fluorescent phenomenon, even if a pulsed light source is used 
in a double-resonance-absorption microscope. 

SUMMARY OF THE INVENTION 

In view of the foregoing circumstances, the present 
invention has been made. 

It is an object of the invention to provide a novel 
double-resonance-absorption microscope capable of generating 
a hollow erase light beam that is ideal for achieving 
super-resolution . 

It is another object of the invention to provide a novel 
double-resonance-absorption microscope equipped with a light 
source having excellent operability and maintainability. 

It is a further object of the invention to provide a novel 
double-resonance-absorption microscope capable of suppressing 
mixing of /exbl tation light into a fluorescence signal thereby 
to achieve higher S/N ratio. 

It is still another object of the invention to provide 
a novel double-resonance-absorption microscope having 
excellent three-dimensional spatial resolution. 

It is a still further object of the invention to provide 
a novel fluorescence correlation method which can be used 
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advantageously in a double-resonance-absorption microscope as 
well as in other systems using a pulsed light source and which 
can precisely measure fluorescence correlation functions 
relying only on fluorescence. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects, features and advantages 
of the present invention will be better understood from the 
following detailed description, taken in conjunction with the 
accompanying drawings, in which: 

Fig . 1 is a diagram illustrating the electronic arrangement 
of sample molecules in a ground state; 

Fig . 2 is a diagram illustrating the electronic arrangement 
of sample molecules excited to state Si; 

Fig . 3 is a diagram illustrating the electronic arrangement 

! 
( 

of sample molecules excited to state S2; 

Fig. 4 is a diagram illustrating the electronic arrangement 
of deexcited sample molecules; 

Fig. 5 is a conceptual diagram illustrating an example 
of a double-resonance-absorption process; 

Fig. 6 is a conceptual diagram spatially illustrating an 
example of a double-resonance-absorption process; 

Fig . 7 is a conceptual diagram illustrating partial overlap 
of regions irradiated with pump light and erase light, 
respectively, as- well as fluorescence suppression effected 
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thereby ; 

Fig. 8 is a diagram illujs-pr^Ttpi^ a phase plate used to 
make ( ^^^^^ an erase light hi^m^ 

Fig. 9 is a conceptual diagram illustrating the phase 
distribution in a cross section of a first-order Bessel beam 
whose origin is located on the optical axis; 

Fig. 10 is a diagram illustrating the absorption 
characteristics (indicated by the solid line) and fluorescence 
characteristics (indicated by the dotted line) of rhodamine 6G; 

Fig. 11 is a conceptual diagram of a spatial filter used 
in a dbuble-resonance-absorption microscope in accordance with 
the invention; 

Fig. 12 is a diagram illustrating the principle of 
formation of erase light having a good beam profile using a spatial 
filter; 

Fig . 13 is a schematic view of a laser scanning fluorescence 
microscope system using a double-resonance-absorption 
microscope, the microscope system forming one embodiment of the 
invention ; 

Fig. 14 is a schematic diagram showing one example of a 
phase plate fabricated by etching a glass substrate; 

Fig. 15 is a schematic diagram showing the internal 
structure of a spectroscope used in the microscope system shown 
in Fig. 13; ; 

Fig . 16 is a schematic diagram showing an XY- translational 
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mechanism for translating the sample stage of the microscope 
system shown in Fig. 13 in two dimensions; 

Fig. 17 is a schematic diagram showing another 
XY- translational mechanism for translating the sample stage in 
two dimensions; 

Fig. 18 is a schematic diagram illustrating an example 
thod of shaping an erase light beam into a hollow beam 
(first-order Bessel beam) ; 

Fig. 19 is a schematic view of a phase plate used as a 
phase modulator; 

Fig. 20 is a schematic view of another phase plate used 
as a phase modulator; 

Fig. 21 is a s^chematic view of an ICCD camera; 
Fig. 22 is a view showing the manner in which pump light 
and erase light are irradiated; 

Fig. 23 is a diagram showing a pulse stretcher optical 
system; 

Fig. 24 is a schematic diagram of a laser scanning 
fluorescence microscope system using a 

double-resonance-absorption microscope in accordaince with the 
invention; 

Fig. 25 is a schematic diagram showing another example 
of a phase plate fabricated by etching a glass substrate; 

Fig. 26 is a schematic diagram showing the internal 
structure of a spectroscope used in the microscope system shown 
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in Fig. 24; 

Fig . 27 is a schematic diagram showing an XY- translational 
mechanism for translating the sample stage in the microscope 
system shown in Fig, 24 in two dimensions; 

Fig. 28 is a schematic diagram showing a further 
XY- translational mechanism for translating the sample stage in 
two dimensions; 

Fig. 29 is a schematic diagram of a solid-state dye laser 
in accordance with the invention; 

Fig. 30 is a schematic diagram of another solid-state dye 
laser in accordance with the invention; 

Fig. 31 is a schematic diagram of a further solid-state 
dye laser in accordance with the invention; 

Fig. 32 is a conceptual diagram of a 
non-resonance- two-photon excitation process; 

Fig. 33 is a conceptual diagram of a double-resonance 
absorption process using a non- resonance- two -photon excitation 
process in accordance with the present invention; 

Fig. 34 is a diagram illustrating the relation among 
excitation light, an absorption band, and a fluorescence band; 

Fig. 35(a) is a conceptual diagram of a spatial resolution 
in a one-photon excitation process; 

Fig . 35 (b) is a conceptual diagram of a spatial resolution 
in a non-resonance, two-photon excitation process; 

Fig. 36 is a schematic diagram of a 
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double-resonance-absorption microscope in accordance with the 
inventions- 
Fig. 37 is a diagram illustrating one example of timing 
at which irradiation and measurement are performed by a time 
division measurement methods- 
Fig. 38 is a schematic view of a phase plate used to form 
a hollow beam; 

Fig. 39 is a diagram of fluorescence intensity 
distributions taken along the X-axis within a focal plane where 
a one-photon excitation process (indicated by the dotted line) 
and a non- resonance two-photon excitation process (indicated 
by the solid line) are used; 

Fig. 40 is a diagram of fluorescence intensity 
distributions taken along the Z-axis in a system in which the 
origin is taken at a focal point where a one-photon excitation 
process (indicated by the dotted line) and a non-resonance 
two-photon excitation process ( indicated by the solid line) are 
used; 

Fig. 41 is a diagram illustrating the probability of 
excitation Si S2 in the X-axis direction within a focal plane 
where a one-photon excitation process (indicated by the dotted 
line) and a non- resonance two-photon excitation process 
(indicated by the solid line) are used; 

Fig. 42 is a diagram showing the fluorescence intensity 
distribution taken in the X-axis direction within a focal plane 
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where a non- resonance two-photon excitation process is used; 

Fig. 43 is a diagram showing the fluorescence intensity 
distribution taken in the Z-axis direction where a non- resonance 
two-photon excitation process is used; 

Fig. 44 is a conceptual diagram illustrating spatial 
resolution where a non-resonance two-photon excitation process 
is used; 

Fig . 4 5 is a schematic diagram of another double-resonance 
absorption microscope in accordance with the present invention; 

Fig. 46 (a) is a schematic cross section of a phase plate; 

Fig. 46(b) is a schematic plan view of a phase plate for 
light of wavelength 1197.4 nm; 

Fig, 46(c) is a schematic plan view of a phase plate for 
light of wavelength 599 nm; 

Fig. 47 is a conceptual diagram illustrating singlet 
transient Raman scattering light; 

Fig. 48 is a conceptual diagram illustrating triplet 
transient Raman scattering light; 

Fig. 49 is a conceptual diagram illustrating the manner 
in which a region irradiated with pump light overlaps with a 
region irradiated with probe light; 

Fig. 50 is a schematic diagram of optical systems for 
irradiating pump light and probe light; 

Fig. 51 is a diagram of examples of intensity profile of 
pump light, probe light, and transient Raman scattering light; 
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Fig. 52(a) is a diagram illustrating resolution during 
a normal one-photon excitation process; 

Fig. 52(b) is a diagram illustrating resolution during 
a transient Raman scattering process; 

Fig. 53 is a schematic diagram of a 
double-resonance-absorption microscope in accordance with the 
present invention; 

Fig. 54 is a schematic block diagram of one example of 
electrical system for controlling the 

double-resonance-absorption microscope shown in Fig. 53; 

Fig. 55 is a diagram illustrating the prior art 
fluorescence correlation method; 

Fig. 56 is a schematic diagram of a typical example of 
a system for performing fluorescence correlation analyses using 
the prior art fluorescence correlation method; 

Fig. 57 is a time chart illustrating the relation between 
pump light and a fluorescence signal in a measuring system using 
a pulsed laser as an excitation light source; 

Fig. 58 is a time chart illustrating the relation among 
pump light, erase light, and a fluorescence signal in a 
double-resonance absorption microscope; 

Fig. 59 is a diagram illustrating the principle of a 
fluorescence correlation method in accordance with the present 
invention; 

Fig. 60 is another diagram illustrating the principle of 
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the fluorescence correlation method in accordance with the 

present invention; 

Fig. 61 is a further diagram illustrating the principle 

of the fluorescence correlation method in accordance with the 

present inventions- 
Fig. 62 is a schematic block diagram of a fluorescence 

correlation measurement system for achieving the fluorescence 

correlation method in accordance with the inventions- 
Fig. 63 is a time chart where a fluorescence signal 

consisting of a pulse sequence (from the S (n) th pulse to the 

S(n+l)th pulse) is applied to a line memory 110 on each laser 

shot in the fluorescence correlation measurement system shown 

in Fig. 62; and 

Fig. 64 is a schematic diagram of a 

double -re^pn:an<:^- absorption microscope . 

'^ DES(?RIPTIQlSr OF THE V^^ ^K^kK^^^^^ 
tl . a] Novel Double-Resonance- Absorption Microscope capable of 
generating a hollow erase light beam that is ideal for achieving 
super- resolutio^ 

The present invention provides a 

double-resonance-absorption microscope having a pump light 

source for producing pump light having a wavelength of Xi for 
exciting molecules of a sample from a ground state to a first 
electronic excited state, an erase light source for producing 
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erase light having a wavelength of X2 for exciting the sample 
molecules in the first electronic excited state to a second or^ 
higher electronic excited state ,^and>san overlapping me«rs^£cJr ^ 
causing a region irradiateci^^lTb^^^s-aidj^limp light to overlap with 
a region irradiated withf sad^S^^feT^e light. The pump light ai^ 
erase light are directed to ss&^^Miple via the overlappingvitjFe^HS 
to partially suppress a region that emits light when the sample 
molecules in the first electronic excited state deexcite to the 
ground state. To produce super- resolution more effectively , the 
following spatial filter is used. For this purpose, the erase 
light is shaped into a hollow beam by an improved method. 

Fig. 11 is a conceptual diagram illustrating one example 
of a spatial filter 1100, This filter 1100 has a condenser lens 
1101, a collimator lens 1103, and a pinhole 1102 formed between 
the lenses. Incident erase light is focused at the_pirifioT^1102 
by the condenser lens 1101. Only the erase ligh\t paoood tjtirough 
the pinhole 1102 is collimated by the collimator lens 1103. In 
this geometry, laser light having disturbed wavefront cannot 
pass through the pinhole 1102. As a result, only laser light 
that is uniform in wavefront can pass through the pinhole 1102. 

This principle is described by referring to Fig. 12, where 
an incident beam having a radius of h is directed to a pinhole 
which has a radius of a and is located at the focal plane of 
a lens having a focal distance of f. 

We first discuss a wavefront arising from a point light 
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source at a lens position (or a pupil position) . Let Im be 
the optical path.-i^^gth\ f rom the point to a fringe Zu of the 
pinhole that isNe ^oa e K /^o the point . This optical path length 
is given by 



1,„ = nV(h-a)'+f^ 



(1) 



where n is the index of refraction of the opti^-cal path. Let lid 
be the optical path—length frqm the point to a fring^ 
the pinhole that is J^^m&^err^ fjp6in the point . This opticalT^path 




length is similarly given by 



1„ =nV(h + a)'+f' (2) 

Therefore, the optical path difference between them is given 
by 



A, = 1„ = nV(h + af + -nV(h-a)^+f^ 



(3) 



We expand this Eq . (3) into a Taylor series and take infinitesimal 
values up to 1. Thus, 

2nha 



A, = 



1 ^ (4) 

This Ai indicates the maximum deviation of the wavef ront when 
light coming out of the point passes through the pinhole. 
At this time, the phase difference 6i is given by 
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where X is the wavelength of the light. This phase difference 
is a wavef ront aberration and means that light producing a phase 
difference exceeding the phase difference givenby Eq . (5) cannot 
pass through the pinhole. 

The optical path length, lou# from a point on the optical 
axis to the fringe Zu is given by 



Ou - "Va -r L (6) 

In this case, the maximum phase difference is the optical 
path difference with light passing on the optical axis . Therefore, 
by performing a similar calculation, the phase difference 5o 
is given by 

5n = 



0 (7) 

In particular, where a laser beam as shown in Fig, 12 passes 
through a pinhole, the maximum phase difference that each light 
component emitted at each pupil plane produces assumes a value 
from 6i to 5o. Consequently, if the whole beam passes through 
the pinhole, the beam passes through the pinhole with a phase 
delay of less than 6i . Therefore, even if the wavef ront of the 
laser beam is disturbed, only laser light having phase 
differences of less than 6i can be passed by providing the spatial 
filter 1100 shown in Fig. 11, 

This is described in connection with a case in which a 
hollow erase light beam is formed in a 



28 



double-resonance-absorption microscope. Where a first-order 
Bessel beam whose electric field strength is zero in the vicinity 
of the optical axis is formed using the phase plate shown in 
Fig. 8, the electric field strengths will not cancel out on the 
optical axis and thus a good hollow beam shape is not obtained 
unless the phase difference of at least erase light hitting the 
phase plate is Tr/2 at positions symmetrical with respect to the 
optical axis. However, if the spatial filter 1100 of Fig. 11 
is placed in the optical path of erase light having a wavelength 
of X2/ the phase difference of the erase light can be set to 
less than 61. In particular, if a phase plate satisfying the 
following condition is used, the electric field strengths 
associated with phase differences of the erase light are opposite 
at positions symmetrical with respect to the optical axis, and 
the field s1:rengths weaken on the optical axis: 
7T 4mi2i 

2 IaT 

That is, a hollow erase light beam having a minimum necessary 
beam profile capable of realizing super-resolution can be 
generated. To create a condition for the pinhole 1102 forming 
the spatial filter 1100, we have 

8nh ; 

where a is the radius of the pinhole, X2 is the wavelength of 
erase light, f is the focal distance of a condenser lens, n is 
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the index of refraction of the optical path of the erase light, 
and h is the radius of the beam of the erase light. Eq. (9) is 
a condition for giving the size of the pinhole 1102. Rewriting ^ 
Eq. (9) using the effective numerical aperture NA limited by 
the beam radius of the erase light, i.e. , the pupil plane, gives 
rise to 

^-8nNA 

where a is the radius of the pinhole, X2 is the wavelength of 
erase light, n is the index of refraction of the optical path 
of the erase light, and WA is the effective numerical aperture 
of the condenser lens limited by the pupil plane. 

Therefore, it is desired to use the pinhole 1102 satisfying 
the condition given by Eq . (9) or (10) as the spatial filter 
1100 in the double-resonance-absorption microscope in 
accordance with the present invention. Only erase light having 
a beam prof ile with phase difference less than 61 can be extracted 
by passing the light through this spatial filter 1100. Using 
this erase light, a hollow erase light beam suitable for 
generation of super-resolution can be created via a i>hase plate . _ \ 

Eqs. (9) and (10) are conditions for the pinhole 1102. 
Numerical values such as the focal distance f of the condenser 
lens and the numerical aperture NA are used and so it can be 
said that these are conditions for the pinhole 1102 and for the 
condenser lens 1101 or conditions for the spatial filter 1100 
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itself. 
Example 1 

Fig. 13 is a schematic diagram of one example of the 
double-resonance-absorption microscope in accordance with the 
present invention . The il lustra ted double - resonance -absorption 
microscope forms a laser- scanning fluorescence microscope, and 
is a system for focusing pump light and erase light into spots, 
detecting fluorescence while scanning a sample 1523 and the spots 
relative to each other, and imaging the fluorescence signal using 
a computer 1501. 

The whole system is controlled by the computer 1501 , which 
controls the timing of lasing of an Nd:YAG laser 1505 that is 
a fundamental light source via a laser controller 1502. At the 
same time, the computer controls movement of a sample stage 1524 
via a sample stage controller 1503 in synchronism with the timing 
of lasing of the laser to scan the sample 1523 in two dimensions. 
Concurrently, the fluorescence signal from the sample 1523 is 
taken from an ICCD camera 1540 via a camera controller 1504 in 
synchronism with the lasing of the laser. 

In the present embodiment, it is assumed that the sample 
1523 has been stained with fluorescence labeler molecules and 
that the fluorescence labeler molecules are rhodamine-based 
molecules. Fig. 10 shows spectral data about rhodamine 6G that 
is one kind of rhodamine-based molecule^ As can be seen from 
this diagram, an absorption band corresponding to excitation 
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So —> Si exists near 530 nm and that excitation Si — > S2 and a 
fluorescence band are present around 600 nm. Accordingly, 
fluorescent wavelengths other than 599 nm are made extinct by 
a double-resonance-absorption process and a stimulated emission 
process, which in turn are caused by excitation So — > Si with 
pump light having a wavelength Xi of 532 nm and excitation Si 
— > S2 with erase light having a wavelength X2 of 599 nm. 

The light having the wavelength of 532 nm can be created 
by modulating the fundamental wave having a wavelength of 1064 
nm from the Nd:YAG laser 1505 into its second-harmonic wave by 
a wavelength modulator 1507 consisting of a BBO crystal, KTP 
crystal, or the like. The light having the wavelength of 599 
nm can be created by converting a wavelength of 532 nm to a 
wavelength 599 nm by a Raman shifter 1512 as made of Ba(N03)2. 
The light with wavelength 532 nm from the wavplength modulator 
1507 is split by a half mirror 1508. The transmitted light is 
enlarged into collimated light of appropriate size by a telescope 
1509 and used as pump light. On the other hand, the reflected 
light is modulated into light having a wavelength of 599 nm by 
the Raman shifter 1512 and used as erase light. 

Generally, an Nd : YAG laser 15 05 has a resonator consisting 
of a gaussian mirror and, therefore, the wavefront is relatively 
uniform around the center, i.e., in the vicinity of the optical 
axis of the beam. However, the wavefront is disturbed at 
peripheral portions . The peripheral portions produce phase 
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differences with the central portion. When one attempts to form 
a first-order Bessel beam, i.e., a hollow erase light beam, by 
making use of the whole diameter of the laser beam, a hollow 
beam suitable for realization of super-resolution cannot be 
obtained because of distortion of the wavef ront , i.e., distortion 
of the phase plane. 

In the present embodiment, therefore, the aforementioned 
spatial filter 1100 is placed in the optical path of the erase 
light behind the Raman shifter 1512 . The light is passed through 
the spatial filter 1100 , Thus, only erase light of a beam prof ile 
whose wavefront disturbance is suppressed to X2/4 or below can 
be extracted. Specifically, the radius of the erase light beam 
produced from thig^'^man shifter 1512 is set to 2 mm. The light 
beam is focused ^/thB pinhole 1102 by the condenser lens 1101 
having a focal distance f of 50 cm. In this case, the index of 
refraction n of the erase light in the optical path, i.e., the 
index of refraction n of air, is assumed to be 1.0. The radius 
a of the pinhole 1102 is found to be 38 pm using Eq. (9) . Erase 
light passed through the pinhole 1102 is returned to a beam 
diameter of 2 mm by the collimator lens 1103 having the same 
focal distance f as that of the condenser lens 1101. 

A perfect first -order Bessel beam can be created from erase 
light having a good beam profile obtained in this way. 
Specifically, erase light emerging from the spatial filter 1100 
is enlarged into collimated light of appropriate size by a 
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telescope 1513 and then formed into a first-order Bessel beam 

by a phase plate 1514 . 

In the present embodiment, the wavelength X2 of the erase 

light is 599 nm and so the phase plate 1514 is fabricated by 

etching a glass substrate as shown in Fig. 14. Since theyLndex 

A 

of refraction of glass is 1.46 (at wavelength 599 nml , miarter 
wavelength of the erase light corresponds to the thickness of 
325.5 nm of the glass substrate. Accordingly, as shown in Fig. 
14 , the face of ferhe^phase plate 1514 is divided into four regions . 
The thi ckne ssl s^sojCetj tfta t the mutually adj acent regions produce 
a phase difference or a quarter wavelength, and then the glass 
is etched. Consequently, the erase light can be shaped into an 
ideal hollow beam. That is, the erase light is passed through 
the phase plate 1514 in such a way that the optical axis of the 
light is coincident with the center of the phase plate 1514. 
As a result, those portions of the erase light which pass through 
two opposite central portions of the phase plate 1514 are opposite 
in phase to each other. Therefore, the electric field intensity 
in the regions close to the optical axis is zero . As a consequence, 
erase light having a hollow beam profile that is ideal for 
developing super- resolution by fluorescence suppression can be 
obtained. The erase light shaped into a hollow beam in this way 
is a first-order Bessel beam. 

Instead of fabricating the phase plate 1514 by etching, 
it may also be fabricated by depositing a thin film of magnesium 



fluoride or the like that gives a phase difference onto a substrate 
Obviously, the order in which the Raman shifter 1512, the 
telescope 1513 , and the phase plate 1514 are placed may be changed 
as long as an ideal erase light beam is obtained. 

The pump light beam and the hollow erase light beam are 
reflected by reflective mirrors .1510 and 1515, respectively, 
and made to enter a beam combiner 1511, where both beams are 
made coaxial . Of course, both light beams are made equal in size 
by the telescopes 1509 and 1513. The sizes of the pump light 
and erase light that are made coaxial are adjusted to be equal 
to the diameter of a condenser objective lens 1522 by a beam 
reducer 1520 that is a kind of telescope optical system such 
that both light beams are accepted by the full aperture of the 
condenser objective lens 1522. The beams are focused onto a 
surface of a sample 1523 by the condenser objective lens 1522. 

In the present embodiment, to adjust the time at which 
the pump light and the erase light arrive at the surface of the 
sample , the optical path length of the erase light can be adjusted . 
In particular, a delay optical system consisting of a 
translational motion stage 1518 and a prism 1519 carried on it 
is mounted on the side of a reflecting optical path formed by 
a reflecting mirror 1516. Erase light from the telescope 1513 
is passed into the prism 1519 of the delay optical system via 
the reflecting mirrors 1515 and 1516. At this time, the 
translational motion stage 1518 is made to move a distance equal 
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to the delay distance of the erase light relative to the pump 
light. In this way, the distance that the erase light travels 
in its path bent by the prism 1519 is adjusted. The delay distance 
is 30 cm where the arrival time difference is 1 nsec. This delay 
distance can be measuredby a micrometer , for example. The results 
of the measurement may be reflected in the distance traveled 
by the translational motion stage 1518. In this way, the 
irradiation time of the pump light completely overlaps that of 
the erase light. Hence, illumination optimal for suppression 
of fluorescence is enabled. Where two independent lasers (e.g. , 
two Nd:YAG pulsed lasers) are used as the light sources of the 
pump light and the erase light, for example, the times at which 
the pump light and the erase light arrive at the sample 1523 
can also be adjusted by electrically controlling Q-switching 
signals for the light sources, respectively. 

Where the pump light and the erase light are made to hit 
the sample 1523 in this way, an illuminated region in which both 
light beams overlap forms a fluorescence- suppressed region Ai, 
because the hollow erase light overlaps a part of the region 
irradiated with the pump light. The region that is irradiated 
with the central hollow portion of the hollow erase light and 
thus irradiated only with the pump light forms a fluorescence 
region Ao (see Fig. 6) . Rhodamine-based molecules fluoresce only 
from this fluorescence region Aq that is an observed region. 

The emitted fluorescent light again passes through the 
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condenser objective lens 1522 and enters a spectroscope 1539 
via an eyepiece lens 1538. As shown in Fig. 15, the spectroscope 
1539 includes a collimator spherical mirror 15391, a focusing 
spherical mirror 15392, and a mechanically switchable 
diffraction grating 15393 as its fundamental optical components . 
Fluorescent light passed through an incident slit 15395 is 
directed to the collimator spherical mirror 153 91 by a reflecting 
mirror 15394 . The light is focused onto the diffraction grating 
15393 by the collimator spherical mirror 15391 . The fluorescent 
light that is wavelength-resolved on the diffraction grating 
15393 is focused onto the CCD elements of the ICCD camera 1540 
by the focusing spherical mirror 15392. 

A signal obtained by the ICCD oaclrifera 1540 at this time 
is a fluorescence spectrum per shot Qf^^^aser. The samp Xe-st age 
1524 is moved in two dimensions in synchronism wi th'^anou of ^^l^ser . 
The resulting fluorescence spectra are accumulated and imaged 
by the computer 1501, whereby a two-dimensional fluorescence 
image of the sample 1523 can be created. If the pump light and 
the erase light are mixed into the fluorescence signal , the signal 
of the wavelength components of the pump light arid the erase 
light are removed during the image creation process by the 
computer 1501. The image is created using only the genuine 
fluorescence wavelength component . Thus, a fluorescence image 
with sufficient super-resolution and high S/N can be derived. 

To improve the super-resolution further, a notch filter 



1536 for cutting the pump light wavelength and a notch filter 

1537 for cutting the erase light wavelength may be inserted before 
the spectroscope 153 9. In Fig. 13, they are inserted before the 
eyepiece lens 1538 at the entrance of the spectroscope 1539. 
In this manner , the pump light and the erase light can be separated 
from the fluorescence signal before entering the spectroscope 
153 9. Only the genuine fluorescence component can be subjected 
to spectral analysis. Hence, the purity of the fluorescence 
signal can be enhanced. Super-resolution can be developed more 
effectively. Of course, if necessary, a bandpass filter and a 
sharp cut filter may be inserted in addition to the notch filters 
153 6 and 1537 to cut unwanted wavelength components other than 
the fluorescence from the fluorescence labeler molecules. 

If the incident slit 15395 of the spectroscope 1539 is 
opened, and if the zeroth-order light from the diffraction 
grating 15393 is focused onto the CCD elements of the ICCD camera 
1540, then a fluorescence image from the surface of the sample 
1523 is directly obtained. Especially, in this case, insertion 
of the aforementioned notch filters 1536, 1537, and a bandpass 
filter or a sharp cut filter is desirable, because' the S/N can 
be improved. x'^^^^ 

A sample-moving mechanism in accordance wich'^p^sent 
invention is next described. The sample stage 1524 that is 
controlled by a computer as mentioned previously can move in 
five dimensions, i.e., in the directions of X, Y, Z, ([), and 6. 
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First, an inch worm stage mechanism that is one kind of 



piezoelectr^e--d^vib^ is preferably used for movement i 
Z -direction IV t^at ij^ /the direction of the optical aatisj 





. / The 



the 



absolute position can be monitored by a rotary encoder. 

Generally, where light is condensed by an objective lens 
having a large numerical aperture, the depth of focus becomes 
very shallow. This makes it very difficult to search for the 
focal point . For example, where light is focused by a lens having 
a numerical aperture of NA, the spread d of the focused beam 
at a point at a distance of 6z from the focus is given by 



Assuming that the distance 6z is 600 nm, the spread d is 
about 400 nm, which is comparable to a size obtained where the 
pump light is focused to the limit of diffraction. This means 
that the position needs to be controlled at an accuracy of less 
than 1 |jm. An inch worm stage using one kind of piezoelectric 
device permits submicrometer position control and so the inch 
worm stage is adapted for a double-resonance-absorption 
microscope in accordance with the present invention . Furthermore , 
the observed region can be quickly found if the sainple 1523 is 
replaced, because the absolute position is being monitored. 

Fig. 16 shows one example of a two-dimensional motion 
mechanism for moving the sample stage 1524 in the X- and Y-axis 
directions. This illustrated two-dimensional motion mechanism 
comprises a leaf spring 1601 and two laminar piezoelectric 



d = & • NA 



(11) 
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elements 1602, 1603. The piezoelectric elements 1602 and 1603 
drive the leaf spring 1601. One laminar piezoelectric element 
1602 moves the sample stage 1524 in the X-axis direction, while 
the other laminar piezoelectric element 1603 moves the stage 
1524 in the Y-axis direction. In this way, the sample stage 1524 
is moved in two dimensions within the plane perpendicular to 
the optical axis. 

As shown in Fig. 17, a moving mechanism comprising the 
sample stage 1524 on which laminar piezoelectric elements 1602 
and 1603 are directly mounted may also be used. Note that the 
mechanism using the leaf spring 1601 as shown in Fig. 16 can 
more effectively prevent deterioration of the image quality due 
to distortion of the scanned surface. 

The sample stage 1524 is equipped with driver mechanisms 
for movement in the 6 and (j) directions. These are added such 
that the optical axes of the pump light and of the erase light 
cross the surface of the sample 1523 accurately perpendicularly . 

The sample stage 1524 relying on the five-dimensional 
movement mechanism constructed as described thus far is based 
on mechanical scan relative to the sample 1523. The laser beam 
itself may also be scanned by mounting a swinging galvano mirror, 
for example, in the path. 

One example of adjustment of the optical axes of the pump 
light and erase light is described. A reference sample used to 
adjust the optical axis is prepared by dispersing rhodamine B 
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in a thin film that is transparent to both pump light and erase 
light. Both pump light and erase light produce excitation So 
— > Si at a high probability in rhodamine B and, therefore, a 
sufficient amount of fluorescent light can be observed. The thin 
film of this reference sample can be prepared, for example, by 
dispersing rhodamine B in PMMA in a solution state and 
spin-coating it on a slide glass to a thickness of several 
micrometers . 

Procedures for the optical axis adjustment are effected 
as follows . The pump light and the erase light are simultaneously 
directed to the aforementioned reference sample. The position 
of the focal point is moved by adjusting the til t of the reflecting 
mirror 1510 in the optical path of the pump light or the tilt 
of the reflecting mirror 1515 in the optical path of the erase 
light to bring the focal point of the pump light into agreement 
with the focal point of the erase light while observing the emitted 
fluorescent light by the computer 1501 via the ICCD camera 1540 . 
When the focal points of the pump light and the erase light are 
coincident with each other, the emission area is minimal and 
the emission intensity is maximal. Therefore, the optical axes 
of the pump light and the erase light are aligned by adjusting 
the optical axis so as to produce such a fluorescence image. 

In Fig . 13 , a half mirror 1533 , a lens 1534 for illuminating 
light, and an illuminating light source 1535 are optical 
components used to adjust the optical axes. 
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Referring still to Fig. 13, another microscope optical 
system for optical axis adjustment may be mounted behind the 
sample 1523 . Also shown in Fig. 13 are a lens 1525 for transmitted 
light, a half mirror 1526, a lens 1527 for illuminating light, 
an illuminating light source 1528 , a notch filter 152 9 for cutting 
the pump light, another notch filter 1530 for cutting the erase 
light, an eyepiece lens 1531, and an ICCD camera 1532. These 
components form the microscope optical system for adjusting the 
optical axes . 

The whole system described above is controlled in the 
manner described below , The microscope system in accordance with 
the present embodiment is equipped with an electrical control 
unit having a camera controller 1504 for controlling the ICCD 
camera 1540, a sample stage controller 1503 for controlling the 
sample stage 1524, and a laser controller 1502 for controlling 
the Nd:YAG laser 1505. Where the above-described microscope 
optical system for the optical axes is also mounted, the camera 
controller 1504 also controls the ICCD camera 1532. All of these 
controllers are under control of the computer 1501. 

With respect to the ICCD camera 1540, a gate pulse that 
determines the time for which a fluorescence signal is detected 
is produced, and the obtained fluorescence signal is sent to 
the computer 1501. With respect to the sample stage 1524, the 
piezoelectric elements 1602 and 1603 (see Figs. 16 and 17) are 
moved in steps. With respect to the Nd:YAG laser 1505, the 



Q-switching signal is controlled. A cycle of sequence of 
processing for the system consists of the following operations: 

1. basing of NdrYAG laser 

2. Gate pulse generation for the ICCD camera 
3 . Acceptance of data 

4. Stepwise movement of the piezoelectric elements 
This cycle is repeated a number of times corresponding to the 
number of pixels of the gained image. A fluorescence spectrum 
made up of individual pixels from the ICCD camera 1540 is accepted 
as numerical data into the computer 1501 . After gaining the data 
about all the pixels, the wavelength components of the pump light 
and erase light mixed as background signals are removed by numeral 
processing. A value obtained by integrating other wavelength 
components is taken as an image signal about one pixel . The image 
data obtained in this way is sent to an external output device 
such as a CRT or a printer and stored in a storage device as 
in a HDD or FDD. 

As described thus far, the present invention can offer 
a novel double-resonance-absorption microscope which is capable 
of generating a hollow erase light beam ideal for providing 
super-resolution and which can accomplish super- resolution more 
reliably. 

[I.b] Another novel Double-Resonance-Absorption Microscope 
capable of generating a hollow erase light beam ideal for 
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providing super-resolutioA \S ^}^(J^\&fcP ^^^^<P^ 

The present invefrtrron provides 

double-resonance-absorption microscope having a pump light 
source for producing pump light having a wavelength of Xi for 
exciting molecules of a sample from a ground state to a first 
electronic excited state, an erase light source for producing 
erase light having a wavelength of X2 for exciting the sample 
molecules in the first electronic excited state to a^^econd or 
higher electronic excited state^j^^^arfi^ an overlapping^ mesffirs 
causing a region irradiated wi tit pump light to overlap with 

a region irradiated with sa^/d^rase light. The pump light_and- 
erase light are directed td stai^sample via the overlapping Hftea^irS 



to partially suppress a region that emits light when the sample 
molecules in the first electronic excited state deexcite to the 
ground state. The manner in which the hollow beam is formed is 
improved. In addition, to produce super-resolution more 
effectively, detection of fluorescence signal and irradiation 
of pump light and erase light are improved. Furthermore, where 
a double-resonance-absorption microscope is used as a 
laser-scanning microscope by the use of lasers as the pump light 
source and the erase light source, respectively, laser scanning 
is improved. ^"""^ 

[I.b-1] Generation ot Hallow Beam, [I.b-2] Detection of 
'^y^luorescence Signal, [I .b-3] Irradiation of Pump Light and Erase 
Light, and [I.b-4] Laser Scanning are described below in turn. 
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[I.b-1] Generation orHfollow Beam 

In a double-resonance-absorption microscope in 
accordance with the present invention, the erase light necessary 
to provide super-resolution is shaped into a hollow beam by 
removing disturbance of the phase of the erase light source?^ 



Otherwise, the beamprof ile of the erase light wouldbe distorted. 
This can be accomplished by using a coherent light source as 
the erase light source and suppressing disturbance of the phase 
of coherent light acting as erase light from the coherent light 

to less than X2/2 . 

According to the diffraction theory of optics, the 
intensity profile I (x, y, 2) where collimated laser light is 
focused by a stigmatic optical system is given by 
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V(x, y,z, f , f , 7) = V(x-f)'+(y-r)' + (z-/7) 
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where f is the focal distance of the optical system, X is the 
wavelength of focused light, a point (x, y, z) is an observed 



point, C/ ^l) is a variable of integration, the integrated 

region is equal to the whole of the pupil plane of the optical 
system, and (j) is an angle taken about the optical axis on the 
pupil plane. 

If the boundary condition that the pupil plane is 
symmetrical with respect to the axis holds, and /n = 1 is inserted 
into Eq. (12) , then the intensity prof ile of focused first-order 
Bess el beam is obtained . If jti = 0 is inserted, then the intensity 
profile of an ordinary laser beam is obtained. As illustrated 
in Fig. 9, for the first-order Bessel beam, if one revolution 
is made about the optical axis, the phase varies by 27r. 
Theoretically, at two points that are symmetrical with respect 
to the optical axis, their phases are shifted by 2tt with respect 
to each other. Therefore, the electric fields cancel out each 
other completely. Hence, the resultant electric field strength 
is zero. However, where the actual wavefront of the laser beam 
is not uniform, the fields do not cancel out completely, and 
electric field strength components appear on the optical axis. 
Therefore, if the wavefront of the laser beam is not uniform, 
it cannot be said that even the first-order Bessel beam is erase 
light ideal for a double- resonance-absorption microscope. 
Especially, where wavefront disturbance is so large that the 
phase difference between points symmetrical with respect to the 
optical axis is greater than X/2, there is the possibility that 
the electric field strengths are identical in sign. This makes 

i 
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it difficult to form an ideal hollow beam. ' 

Therefore, in order to form a hollow erase light beam 
adapted for creation of super-resolution, it is necessary to 
suppress the wavef ront disturbance within the plane of the laser 
beam to X/2 or less . In other words , distortion of the beam prof ile 
can be eliminated by using a coherent light source such as a 
laser and suppressing the wavef ront disturbance within the plane 
of the laser beam to X2/2 or less. Consequently, a hollow erase 
light beam optimal for realization of super-resolution can be 
obtained. 

To suppress the wavefront disturbance within the plane 
of the laser beam to X2/2 or less , regions in which the disturbance 
of phase wavefront in coherent light is greater than X2/2 are 
eliminated, and only the other regions are extracted. The beam 
of the extracted regions is used as erase light . This extraction 
of certain regions can be accomplished by placing a beam 
region-limiting means having a slit of adjustable width or an 
adjustable aperture in the optical path of the erase light. That 
is, only the required regions of the erase light are extracted 
by adjusting the width of the slit or the diameter of the aperture , 
it being noted that the light passes through the slit or the 
aperture. The adjusted range is determined by the used coherent 
light source. 

Where a laser having a resonator using a gaussian mirror 
is used as a coherent light source, for example, only the central 
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portion of the laser beam is used by cutting peripheral portions 
of the laser beam, because the optical characteristics of the 
gaussian mirror are such that the phase wavef ront of the laser 
beam is quite uniform around the central portion, i.e. , in the 
vicinity of the optical axis , but the phase waveform is disturbed 
to a greater extent in going away f rom the center . As a consequence , 
coherent light in which the phase disturbance within the plane 
of the beam is suppressed to X2/2 or less is accomplished. This 
can be used as erase light having a good beam profile. 

Fig. 18 is a schematic diagram of one example of an optical 
system for accomplishing the aforementioned erase light. In the 
example of Fig. 18, a beam region-restricting means 2102 such 
as an iris diaphragm or a pinhole plate is placed on the exit 
side of a coherent light source 2101. Only regions in which the 
phase disturbance is less than X2/2 are extracted from the erase 
light by adjusting the diameter of the iris diaphragm or pinhole 
plate . 

Referring still to Fig. 18, a beam diameter- enlarging 
optical element 2103 and a phase modulator 2104 are placed in 
the optical path of the erase light. In this geometry, the erase 
light passed through the beam region- limiting means 2102 is 
enlarged in beam diameter by the beam diameter-enlarging optical 
element 2103. In addition, the phase plate is modulated by the 
phase modulator 2104 . 

More specifically, a telescope can be used as the beam 
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diameter-enlarging optical element 2103 . On the other hand, the 
phase modulator 2104 gives a spatial phase distribution within 
the cross section of the beam of the erase light. One example 
of this phase modulator 2104 gives a phase difference of tt to 
the erase light about the optical axis. That is, the phases of 
coherent light at points that are symmetrical with respect to 
the optical axis are shifted in phase by tt with respect to each 
other. In this case, the phase modulator 2104 can be a phase 
plate as shown in Fig. 19. The face of the illustrated phase 
plate is circumf erentially divided into four equal regions that 
are shifted in phase by 7r/2 with respect to each other. This 
simplifies a structure acting to shift phase by 2n if rotated 
once about the optical axis. The erase light whose diameter is 
increased to a size appropriate for this phase plate by the beam 
diameter-enlarging optical element 210^^^u):h as a telesco^^ 
passes through the phase plate. As a result, the beam becomes 
a first-order Bessel beam. As mentioned previously, this 
first-order Bessel beam is created from erase light having a 
goodbeamprof ile, i.e., whose phase disturbance within the plane 
of the beam is suppressed to X2/2 or less by the beam 
region-restricting means 2102 . Consequently , this is optimal 
as hollow erase light for accomplishing super-resolution in a 
double-resonance-absorption microscope . 

\hase modulator 2104 can be a parallel substrate that 
is lop-tiea^ yflat for the erase light, for example. Preferably, 
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this substrate is transparent. An optical thin film having a 
thickness distribution that gives a phase difference of tt to 
the erase light about the optical axis is coated on the substrate . 
The phase modulator may also be a similar parallel substrate 

etched to give a phase difference of tt to the erase light about 

I 

the optical axis. The phase plate of Fig. 19 is so constructed 
that an optical thin film having such a thickness distribution 
that the thickness differs among regions is coated or the 
substrate is etched. 

The aforementioned phase modulator 2104 canbe constructed 
in a different manner. For example, the phase modulator 2104 
for giving a spatially coaxial phase distribution to the erase 
light passed through the beam region- limiting means 2102 within 
the cross section can also be employed. As shown in Fig. 20, 
a phase modulator 2104 consisting of a circular inner region 
and an annular outer region may also be used. This modulator 
gives a spatial phase distribution producing a phase difference 
of TT. Also, in this case, erase light in the form of a hollow 
beam optimal for a double-resonance-absorption microscope can 
be accomplished. That is, the circular inner region and the 
annular outer region are opposite in phase and, therefore, if 
this beam is focused by a lens, the electric fields are canceled 
out in the center. As a result, a good hollow beam can be created. 
For this purpose, it is necessary to adjust the ratio of the 
area of the inner circle to the area of the annular outer portion . 
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In this case, the'-t5H3^e modulator 2104 can be a parallel 
substrate that is( optica 1 ^ at for the erase light. An optical 
thin film having a thickness distribution that gives a spatially 
coaxial distribution within the plane of the cross section of 
the beam to the erase light is coated on the substrate . Preferably, 
this substrate is transparent. The phase modulator may also be 
a similar parallel substrate on which an optical thin film having 
a thickness distribution is coated. This thickness distribution 
can give a spatial phase distribution having a phase difference 
of 71 between a circular region and an outer annular region. For 
instance, this can be a phase plate. Furthermore, the phase 
modulator can be a similar parallel substrate capable of giving 
a spatially coaxial phase distribution within the plane of the 
cross section to the erase light . Inaddition, the phase modulator 

i 

can be a similar parallel substrate etched to give such a spatial 
phase distribution that a phase difference of tt is created between 
a circular region and an outer annular region. For example, this 
can be a phase plate. 

[I.b-2] Detection of Fluorescence Signal 

In a double-resonance-absorption microscope in 
accordance with this invention, erase light having a very good 
hollow beam profile as described above is made to overlap with 
the pump light to thereby partially suppress the fluorescence 
region. This gives rise to super-resolution. In this case, 
however, the fluorescence region that is an observed region is 
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restricted to a very narrow range of less than tens of nanometers , 
for example. The number of fluorescent molecules diffused in 
this infinitesimal, observed region is extremely small. The 
result is that the intensity of the emitted fluorescence is low. 
For this reason, a high- sensitivity fluorescence detection 
technique is necessary. Also, depending on sample molecules or 
fluorescence labeler molecules , the wavelength of the pump light 
or the wavelength of the erase light may overlap the fluorescence 
band. Stray light from the pump light or erase light may be mixed 
in the fluorescence signal. Therefore, to obtain a microscope 
image with high S/N, a technique f-p jz, ceparat i|ig unwanted light 
from the fluorescence signal is x^ ocegsitatog . 

Accordingly, the double-resonance-absorption microscope 
in accordance with this invention preferably uses a 
fluorescence-detecting means that permits high- sensitivity 
detection and high S/N and which is adapted for the 
double-resonance-absorption microscope. Fig. 21 shows one 
example of this fluorescence-detecting means . This illustrated 
fluorescence means has a photoelectric converter surface 2201, 
a microchannel plate 2202, a phosphor screen 2203, an optical 

fiber coupler 2204, and a CCD detector 2205, ,and forms an ICCD 

i 

(I charge- coupled device) camera. 

When light (photon) hits the photoelectric converter 
surface 2201, this surface emits photoelec trons from its back 
surface according to the number of incident photons at a high 
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efficiency (light to electron conversion) . The released 
photoelectrons are attracted to the microchannel plate 2202 by 
an electric field. The microchannel plate 2202 is fabricated 
by binding together fibers of tens of micrometers, and assumes 
the form of a flat plate. A high voltage is applied across both 
end surfaces of each fiber. When photoelectrons hit the surfaces 
of the fibers, secondary electrons are released. Whenever each 
secondary electron collides within the plane of the fiber, 
further secondary electrons are produced. Therefore, a quite 
large number of secondary electrons are emitted from the exit 
of the microchannel plate. These secondary electrons bombard 
the phosphor screen 2203, emitting fluorescent light (electron 
to light conversion) . At this time, each incident photon is 
augmented to a huge amount of photons. Augmented photons from 
the phosphor screen 2203 are guided to the CCD detector 2205 
by the optical fiber coupler 2204, and are detected as a 
two-dimensional image. 

Such an ICCD camera can detect even a single incident photon 
and hence can achieve quite high sensitivity fluorescence 
detection. Consequently, the ICCD camera is useful in the 
double -resonance -absorption microscope under severe 
fluorescence generation conditions as described above. The 
fundamental structure of the ICCD camera acting as this 
fluorescence-detecting means is shown in Fig. 21. Obviously, 
it may also include a lens system such as a relay lens or a focusing 
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system . 



On the other hand, to attain high S/N, a spectral element 
such as a spectral filter or a wavelength-dispersing element 
such as a diffraction grating is placed in the optical path of 
the fluorescence ahead of the ICCD camera. The spectral filter 
can be a notch filter, bandpass filter, sharp cut filter, or 
the like for cutting the pump light, the erase light, and 
fluorescence from other than the sample molecules. The 
fluorescence-detecting means consisting of the spectral element 
or the wavelength-dispersing element and the ICCD camera is used 
to wavelength- separate the fluorescence signal from at least 
one of the pump light and erase light • Only required fluorescence 
intensity can be precisely measured. Where a diffraction grating 
is used, an ertKLsision spectrum can be directly obtained after 



every shot ^pf lafeer. Therefore, unwanted wavelengths of light 
can be removed by processing the data with software in a computer 
or the like. 

Of course, the use of the fluorescence-detecting means 
consisting of a combination of the above-described ICCD camera 
and the spectral element or wavelength-dispersing element is 
not essential. Unwanted wavelengths of light can be removed, 
for example, by placing only a spectral element or a 
wavelength-dispersing element ahead of a normal fluorescence 
detector. 



A slit or pinhole may be placed in the optical path extending 
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from the sample surface to the fluorescence-detecting means. 
In this case, it is especially desirable to place it immediately 
before the photoelectric converter surface 2201. 

In addition, an embodiment is also possible in which there 
is provided a means for controlling the times for which voltages 
are applied to the photoelectric converter surface 2201, the 
microchannel plate 2202, the phosphor screen 2203, and the 

i 

electrode of the CCD detector 2205. In this case, the times for 
which the voltages are applied can be controlled by on/off 
switches, for example. Preferably, the switching response time 
is shorter than the fluorescence time of the sample molecules 
or fluorescence labeler molecules. Furthermore, the times for 
which the voltages are applied are preferably longer than the 
fluorescence time of the samplemolecules or fluorescence labeler 
molecules . 

[I .b-3 . a] Irradiation of Pump Light and Erase Light : Adjustment 
of Pulse Width and Irradiation Timing 

In the double-resonance-absorption microscope in 
accordance with the present invention, if dye lasers are used 
as the pump light source and as the erase light source, 
respectively, the pulse width of the wavelength-converted erase 
light is generally somewhat narrower than the pulse width of 
the pump light. If any adjustment of the optical path or the 
like is not made, pulses of the pump light and the pulses of 
the erase light will arrive on the sample surface at different 
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instants of time. Accordingly, with respect to a region not 
necessary for observation, the f luorescencemay notbe suppressed 
sufficiently because the irradiation time of the erase light 
is short, and because overlap of the irradiation times of the 
pump light and erase light is not complete. 

Therefore, in a preferred embodiment of the invention, 
to suppress fluorescence more effectively in a 
double-resonance-absorption microscope in accordance with the 
present invention, the pulse widths of the pump light and the 
erase light are set as illustrated in Fig. 22. 

In particular, the pulse width of the erase light is set 
greater than that of the pump light , In addition, the irradiation 
time of the pump light is made to exactly overlap that of the 
erase light. In this way, the region irradiated with the erase 
light is made to overlap a part of the region irradiated with 
the pump light. In the overlapping region, sample molecules in 
state Si can be reliably excited to state 82- Hence, ' the 
fluorescence can be more effectively suppressed. 

A specific example of a method of setting these factors 
isdescribed. Fig. 23 shows one example of a pulse width-adjusting 
means for adjusting the pulse width of erase light such that 
the pulse width of the erase light becomes greater than the pulse 
width of the pump light. The pulse width-adjusting means shown 
in Fig. 23 forms a pulse stretcher optical system having a half 
mirror 2301 for splitting light and plural prisms 2302. These 
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prisms 2302 form a reflective optical system that constitutes 

a loop optical path including the half mirror 2301. In this 

geometry, incident light is first split into first transmitted 

light and first reflected light by the half mirror 2301. The 

optical path of the first reflected light is varied by each prism 

2302 and returned to the half mirror 2301, and then split into 

second transmitted light and second reflected light. The second 

reflected light passes in the same optical path as taken by the 

first transmitted light. The second transmitted light passes 

through each prism 23 02 and travels through the same loop optical 

path and is split into third transmitted light and third reflected 

light by the half mirror 2301 . In this way, the divisli^TrNof light 

f ) 

by the half mirror 23 01 and formation of a loop( iD^i^W to the 
prism 2302 are repeated. Therefore, pulses delayed by amounts 
corresponding to the loop optical path are produced in succession 
bypassing the erase light into the pulse stretcher optical system . 
As a result, the time duration of the pulse exiting from the 
loop optical path widens equivalently . In consequence, erase 
light having a pulse duration longer than that of the pump light 
can be easily created. 

The complete overlap between the irradiation time of the 
erase light having the increased pulse width and the irradiation 
time of the pump light is made possible by adjusting the times 
at which both light beams arrive at the sample. This adjustment 
can be realized by adjusting the optical path difference between 
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the pump light and the erase light. That is, light travels about 
30 cm in air in 1 nsec. If a difference is given to the optical 
paths of the pump light and the erase light at this ratio, then 
the times at which these two pulse beams arrive at the sample 
surface can be adjusted at will. For example, a delay optical 
system consisting of a translational motion stage and a prism, 
a mirror, or the like carried on the stage can be used as the 
irradiation timing-adjusting means relying on the optical path 
adjustment. In this geometry, the times at which both beams of 
light reach the sample can be adjusted by adjusting the optical 
path distance of the incident light passing through the prism 
or mirror. 

Where the pump light and the erase light are generated 
from two independent pulsed lasers (e.g., two Nd:YAG pulsed 
lasers) , the Q-switching signals for both pulsed lasers are 
electrically adjusted. That is, the times at which both light 
beams arrive at the sample can also be adjusted by shifting the 
instants at which the Q-switching signals are produced, 
respectively, with respect to each other. For example, the 
Q-switching can be controlled by producing two trigger pulses 
with a time difference using a pulse generator and supplying 
the pulses to the pulsed lasers, respectively. 

[I .b-3 .b] Irradiation of Pump Light and Erase Light : Adjustment 
of Optical Axis 

In the double- resonance-absorption microscope in 
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accordance with the present invention, it is desired to align 
the optical axis of the pump light with the optical axis of the 
erase light toproduce sufficient super-resolution . This optical 
axis alignment is made possible by preparing a reference sample 
and observing a fluorescence image of the reference sample before 
actual observation of the sample. 

Specifically, the reference sample is prepared as follows . 
Molecules capable of fluorescing either by irradiation with pump 
light or irradiation with erase light are uniformly applied to 
a substrate that is transparent to both pump light and erase 
light. This reference sample is irradiated with the pump light 
and erase light simultaneously , The area and the brightness of 
the resulting fluorescence image^e measured. If the pump light 
and erase light overlap exactly^i . ey; if the optical axes of 
both light beams are aligned)^y1:^ area is minimal and the 
brightness is maximal. Accoirdlngly , a complete optical axis 
alignment can be accomplished by adjusting the optical axes to 
minimize the area of the fluorescence image and to maximize the 
brightness . 

Where the means for taking the fluorescence Image is the 
aforementioned ICCD camera, if the fluorescence image is excited 
with weak laser light and feeble, it can be observed. Therefore, 
if stray light from the pump light or from the erase light is 
mixed in the fluorescence image as background light, the 
measurements of the area and brightness are not affected 
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seriously, because the light is feeble. Hence, accurate optical 
axis adjustment is permitted. If the effects of stray light are 
reduced further, a light- splitting element or 
wavelength-dispersing element may be placed in the optical path 
as mentioned previously. 
[I.b-4] Laser Scanning 

The double-resonance-absorptionmicroscope in accordance 
with the present invention has very high spatial resolution. 
One side of an observed region corresponding to one pixel can 
be set to less than 100 nm. In other words, to produce such 
ultrahigh spatial resolution certainly, it is necessary to scan 
the sample with the pump light and erase light accurately where 
this double- resonance-absorption microscope is used as a laser 

i 

scanning microscope . In the laser scanning microscope, the focal 
point and the sample are moved relative to each other within 
a plane. The fluorescence signal is measured at each point. The 
fluorescence signal is processed by information processing 
technology to produce a two-dimensional image. 

Accordingly, in the double-resonance-absorption 
microscope in accordance with the present invention, to cope 
with the spatial resolution on the nanometer order, it is desired 
that the instrument be equipped with a mechanism for scanning 
the pump light and the erase light or moving the sample at 
nanometer- order accuracy. As a scanning mechanism for the pump 
light and erase light, a rocking mirror mechanism capable of 
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fine scanning by rocking a mirror in the optical paths of the 
pump light and erase light can be used. As a mechanism for moving 
the sample, a sample stage mechanism capable of being moved in 
two dimensions by an electromagnetic motor or a piezoelectric 
device (also known as a piezoelectric vibrator) can be used. 
Of course, by aligning the optical axes of the pump light and 
erase light coaxially as described above, nanometer-order 
accurate movements and scanning are made more reliable. 
Example 2 

Fig. 24 is a schematic diagram showing one example of the 
double-resonance-absorption microscope in accordance with the 
present invention. The illustrated microscope forms a laser 
scanning fluorescence microscope. Pump light and erase light 
are focused into spots. Fluorescence is detected while scanning 
a sample 2523 relative to the spots. The detected fluorescence 
signal is imaged using a computer 2501. 

The whole system is controlled by the computer 2501, which 
controls the timing of lasing of an NdrYAG laser 2505 that is 
a fundamental light source via a laser controller 2502. At the 
same time, the computer controls movement of a sample stage 2524 
via a sample stage controller 2503 in synchronism with the timing 
of lasing of the laser to scan the sample 2523 in two dimensions. 
Concurrently, the fluorescence signal from the sample 2523 is 
taken from an ICCD camera 2540 via a camera controller 2504 in 
synchronism with the lasing of the laser. 



In the present embodiment, it is assumed that the sample 
2523 has been stained with fluorescence labeler molecules and 
that the fluorescence labeler molecules are rhodamine-based 
molecules. Fig. 10 shows spectral data about rhodamine 6G that 
is one kind of rhodamine-based molecules. As can be seen from 
this diagram, an absorption band corresponding to excitation 
So — > Si exists near 530 nm and that excitation Si S2 and a 
fluorescence band are present around 600 nm. Accordingly, 
fluorescence wavelengths other than 599 nm are made to disappear 
by a double-resonance-absorption process and a stimulated 
emission, which in turn are caused by excitation So — > Si with 
pump light having a wavelength Xi of 532 nm and excitation Si 
— > S2 with erase light having a wavelength X2 of 599 nm. 

The light having the wavelength of 532 nm can be created 
by modulating the fundamental wave having a wavelength of 1064 
nm from the NdiYAG laser 2505 into its second-harmonic wave by 
a wavelength modulator 2507 consisting of a BBO crystal, KTP 
crystal, or the like. The light having the wavelength of 599 
nmcanbe created by converting wavel^gthof 532 nm to wavelength 
599 nm by a Raman shifter 251^n^^made of Ba(N03)2. The light 
with wavelength 532 nm from the wavelength modulator 2507 is 
split by a half mirror 2508. The transmitted light is enlarged 
into collimated light of appropriate size by a telescope 2509 
and used as pump light. On the other hand, the reflected light 
is modulated into light having a wavelength of 599 nm by the 
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Raman shifter 2512 and used as erase light. 

Generally, an Nd: YAG laser 2505 has a resonator consisting 
of a gaussian mirror and, therefore, the wavefront is relatively 
uniform around tXt^^chriter^^ , , in the vicinity of the optical 
axis of the b^^a^^^Howev^, the wavefront is disturbed at 
peripheral portions. The peripheral portions produce phase 
differences with the central portion. Therefore, in order to 
obtain laser light having a good beam profile, the laser light 
from the Nd:YAG laser 2505 is passed through a pinhole plate 
2506 to extract only a central portion around the optical axis. 
The extracted laser light is passed through the wavelength 
modulator 2507 or the Raman shifter 2512 as described above. 
In this way, good pump light and erase light whose wavefronts 
are uniform and optimal for a double-resonance-absorptipn 
microscope can be created. 

The erase light having such a good beam profile is enlarged 
into collimated light of appropriate size by the telescope 2513 . 
Then, the light enters the phase plate 2514. In the present 
embodiment, the wavelength X2 of the erase light is 599 nm and 
so the phase plate 2514 is prepared by etching a glass substrate 
as shown in Fig. 25. Since th^ a^^dex of refraction of glass is 
1.46 (at wavelength 599 nm)L^aaarter wavelength of the erase 
light corresponds to a thickness of325.5nmof the glass substrate , 
Accordingly, as shown in Fig. 25, the face of the phase plate 
2514 is divided into four regions. The thickness islso (set) that 
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the mutually adjacent regions produce a phase difference of a 
quarter wavelength, and then the glass is etched. Consequently, 
the erase light can be shaped into an ideal hollow beam. That 
is, the erase light is passed through the phase plate 2514 in 
such a way that the optical axis of the light is coincident with 
the center of the phase plate 2514. As a result, those portions 
of the erase light which pass through two opposite central 
portions of the phase plate 2514 are opposite in phase to each 
other. Therefore, the electric field intensities in the regions 
close to the optical axis are zero. As a consequence, erase light 
having a hollow beam profile that is ideal for developing 
super-resolution by fluorescence suppression can be obtained. 
The erase light shaped into a hollow beam in this way is a 
first-order Bessel beam. 

Instead of fabricating the phase plate 2514 by etching, 
it may also be fabricated by depositing a thin film of magnesium 
fluoride or the like that gives aphase difference onto a substrate 
Obviously, the order in which the pinhole plate 2506, the Raman 
shifter 2512, the telescope 2513, and the phase plate 2514 are 
arranged may be changed as long as an ideal erase light beam 
is obtained. 

The pump light and the hollow erase light beam are reflected 
by reflective mirrors 2510 and 2515, respectively, and made to 
enter a beam combiner 2511, where both beams are made coaxial. 
Of course, both light beams are made equal in size by telescopes 
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2509 and 2513. The sizes of the pump light and erase light that 
are made coaxial are adjusted to be equal to the diameter of 
a condenser objective lens 2522 by a beam reducer 2520 that is 
a kind of telescope optical system such that both light beams 
are accepted by the full aperture of the objective lens 2522. 
The beams are focused onto a surface of a sample 2523 by the 
condenser objective lens 2522. 

In the present embodiment, as already described in 
connection with Fig. 22, the pulse width of the erase light is 
set greater than that of the pump light. To realize irradiation 
settings for attaining complete overlap between the pump light 
irradiation time for the sample 2523 and the erase light 
irradiation time, a pulse stretcher optical system (not shown 
but having the structure shown in Fig. 23) acting as a pulse 
width-adjusting means for the erase light is interposed between 
reflecting mirrors 2515 and 2516. A delay optical system 
consisting of a translational motion stage 2518 and a prism 2519 
carried on it are mounted as an irradiation timing-adjusting 
means on the side of the reflected light path formed by the 

i 

reflecting, mirror 2516, 

In this geometry, the erase light whose pulse width is 
increased beyond that of the pump light by the pulse stretcher 
optical system as shown in Fig. 23 is then made to enter the 
prism 2519 of the delay optical system. At this time, the 
translational motion stage 2 518 is made to move a distance equal 
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to the delay distance of the erase light relative to the pump 
light to adjust the distance that the erase light travels in 
its optical path turned by the prism 2519. The delay distance 
is 30 cm where the arrival time distance is 1 nsec. This distance 
can be measured using a micrometer, for example. The results 
of the measurement may be reflected in the distance to be traveled 
by the translational motion stage 2518 . In this way, irradiation 
optimal for suppression of fluorescence is permitted. That is, 
the pulse width of the erase light is set greater than that of 
the pump light. The irradiation time of the pump light exactly 
overlaps the irradiation time of the erase light. 

Where the pump light and the erase light are made to hit 
the sample 2523 in this way, an illuminated region in which both 
light beams overlap forms a fluorescence-suppressed region Ai, 
because the hollow erase light overlaps a part of the region 
irradiated with the pump light. The region that is irradiated 
with the central hollow portion of the hollow erase light and 
thus illuminated only with the pump light forms a fluorescence 
region Ao (see Fig. 6) . Rhodamine-based molecules fluoresce only 
from this fluorescence region Ao that is an observed region. 

The emitted fluorescent light again passes through the 
condenser objective lens 2522 and enters a spectroscope 2539 
from an eyepiece lens 2538 . As shown in Fig. 26, the spectroscope 
2539 includes a collimator spherical mirror 25391, a focusing 
spherical mirror 25392, and a mechanically switchable 



diffraction grating 25393 as its fundamental optical components . 
Fluorescent light passed through an incident slit 25395 is 
directed to the collimator spherical mirror 253 91 by a reflecting 
mirror 25394 . The light is focused onto the diffraction grating 
25393 by the collimator spherical mirror 25391. The fluorescent 
light that is wavelength- resolved on the diffraction grating 
25393 is focused onto the CCD elements of an ICCD camera 2540 
by the focusing spherical mirror 25392. 

A signal obtained by the ICCD camera 2540 at this time 
is a fluorescence spectrum per shot of laser. Thyg^ampL^^^tage 
2524 is moved in two dimensions in synchronism wi tm^not of l^^r . 
The resulting fluorescence spectra are accumulated and imaged 
by the computer 2501, whereby a two-dimensional fluorescence 
image of the sample 2523 can be created. If the pump light and 
the erase light are mixed into the fluorescence signal , the signal 
of the wavelength components of the pump light and the erase 
light is removed during the image creationprocess by the computer 
2501. The image is created using only the genuine fluorescence 
wavelength component . Thus, a fluorescence image with sufficient 
super-resolution and high S/N can be derived. 

To improve the super-resolution further, a notch filter 
2536 for cutting the pump light wavelength and another notch 
filter 2537 for cutting the erase light wavelength may be inserted 
before the spectroscope 2539 . InFig. 24, they are insertedbef ore 
the eyepiece lens 2538 at the entrance of the spectroscope 2539 . 
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In this manner, the pump light and the erase light can be separated 
from the fluorescence signal before entering the spectroscope 
2539. Only the genuine fluorescence component can be subjected 
to spectral analysis. Hence, the purity of the fluorescence 
signal can be enhanced. Super-resolution can be developed more 
effectively. Of course, if necessary, a bandpass filter and a 
sharp cut filter may be inserted in addition to the notch filters 

2536 and 2537 to cut unwanted wavelength components other than 

) 

the fluorescence from the fluorescence labeler molecules. 

If the incident slit 25395 of the spectroscope 2539 is 
opened to focus the zeroth-order light from the diffraction 
grating 25393 onto the CCD elements of the ICCD camera 2540, 
then a fluorescence image from the surface of the sample 2523 
is directly obtained. Especially, in this case, to improve the 
S/N, the above-described notch filters 2536, 2537, a bandpass 
filter, or a sharp cut filter is preferably inserted. 

A sample-moving mechanism in accordance with the present 
invention is next described. The sample stage 2524 that is 
controlled by a computer as mentioned previously can move in 
five dimensions, i.e., in the directions of X, Y,*Z, <|), and 6 . 

First, an inch worm stage mechanism that is one kind of 
piezoelectric device is preferably used for movement in the 
Z-direction that is the direction of the optical axis. The 
absolute position can be monitored by a rotary encoder. 

Generally, where light is condensed by an objective lens 
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having a large numerical aperture, the depth of focus becomes 
very shallow. In addition, it is very difficult to search for 
the focal point. For example, where light is focused by a lens 
having a numerical aperture of NA, the spread d of the focused 
beam at a point at a distance of 6z from the focus is given by 

d = &-NA (13) 
If 6z is 600 nm, d is about 4 00 nm. This is comparable 
to a size obtained where the pump light is confined to the 
diffraction limit . Fundamentally , it means that the position 
is controlled at an accuracy of less than 1 pm. Therefore, the 
inch work stage using one kind of piezoelectric device is adapted 
for the double- resonance absorption microscope in accordance 
with the invention that produces super-resolution, because 
position control at submicron accuracy is possible . The observed 
region can be quickly found by monitoring the absolute position, 
even if the sample 2523 is exchanged. 

Fig. 27 shows one example of a two-dimensional motion 
mechanism for moving the sample stage 2524 in the X- and Y-axis 
directions. This illustrated two-dimensional motion mechanism 
comprises a leaf spring 2601 and two laminar piezoelectric 
elements 2602, 2603. The piezoelectric elements 2602 and 2603 
drive the leaf spring 2601. One laminar piezoelectric element 
2602 moves the sample stage 2524 in the X-axis direction, while 
the other laminar piezoelectric element 2603 moves the stage 
2524 in the Y-axis direction. In this way, the sample stage 2524 
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is moved in two dimensions within the plane perpendicular to 
the optical axis. 

As shown in Fig. 28, a moving mechanism comprising the 
sample stage 252^o^ which laminar piezoelectric elements 2602 
and 2603 are directly mount^^^m^y also be used. Note that the 
mechanism using the leaf spring 2601 as shown in Fig. 27 can 
more effectively prevent deterioration of the image quality due 
to distortion of the scanned surface. 

The sample stage 2524 is equipped with driver mechanisms 
for movement in the G and (|) directions. These are added such 
that the optical axes of the pump light and of the erase light 
cross the surface of the sample 2523 accurately perpendicularly. 

The sample stage 2524 relying on the five-dimensional 
movement mechanism constructed as described thus far is based 
on mechanical scan relative to the sample 2523. The laser beam 
itself may also be scanned by mounting a swinging galvano mirror, 
for example, in the path. 

One example of adjustment of the optical axes of the pump 
light and erase light is described. A reference sample used to 
adjust the optical axis is prepared by dispersing, rhodamine B 
in a thin film that is transparent to both pump light and erase 
light. Both pump light and erase light produce excitation So 
— > Si at a high probability in rhodamine B and, therefore, a 
sufficient amount of fluorescent light can be observed. The thin 
film of this reference sample can be prepareja, for example, by 
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dispersing rhodamine B in PMMA in a solution state and 
spin-coating it on a j^slJ^^^^Jg^^ a thickness of several 

micrometers. 

Procedures for the optical axis adjustment are effected 
as follows . The pump light and the erase light are simultaneously 
directed to the aforementioned reference sample. The position 
of the focal point is moved by adjusting the tilt of the reflecting 
mirror 2510 in the optical path of the pump light or the tilt 
of the reflecting mirror 2515 in the optical path of the erase 
light to bring the focal point of the pump light into agreement 
with the focal point of the erase light while observing the emitted 
fluorescent light by the computer 2501 via the ICCD camera 2540 . 
When the focal points of the pump light and the erase light are 
coincident with each other, the emission area is minimal and 
the emission intensity is maximal. Therefore, the optical axes 
of the pump light and the erase light are aligned by adjusting 
the optical system so as to produce such a fluorescence image. 

In Fig. 24 , a half mirror 2533 , a lens 2534 for illuminating 
light, and an illuminating light source 2535 are optical 
components used to adjust the optical axes. 

Referring still to Fig. 24, another microscope optical 
system for optical axis adjustment may be mounted behind the 
sample 2523 . Also shown in Fig. 24 are a lens 2525 for transmitted 
light, a half mirror 2526, a lens 2527 for illuminating light, 
an illuminating light source 2528 , a notch filter 252 9 for cutting 
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the pump light, another notch filter 2530 for cutting the erase 
light, an eyepiece lens 2531, and an ICCD camera 2532. These 
components form the microscope optical system for adjusting the 
optical axes . 

The whole system described above is controlled in the 
manner described below . The microscope system in accordance with 
the present embodiment is equipped with an electrical control 
unit having a camera controller 2504 for controlling the ICCD 
camera 2540, a sample stage controller 2503 for controlling the 
sample stage 2524, and a laser controller 2502 for controlling 
the Nd:YAG laser 2505. Where the above-described microscope 
optical system for the optical axes is also mounted, the camera 
controller 2504 also cc^nbrols the ICCD camera 2532 . All of these 



With respect to the ICCD camera 2540, a gate pulse that 
determines the time for which a fluorescence signal is detected 
is produced, and the obtained fluorescence signal is sent to 
the computer 2501. With respect to the sample stage 2524, the 
piezoelectric elements 2602 and 2603 (see Figs. 27 and 28) are 
moved in steps. With respect to the Nd:YAG laser 2505, the 
Q- switching signal is controlled. A cycle of sequence of 
processing for the system consists of operations: 

1. Lasing of Nd:YAG laser 

2. Gate pulse generation from the ICCD camera 

3 . Acceptance of data 



controllers are undarVcontrol of the computer 2501. 
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4. Stepwise movement of the piezoelectric elements 

This cycle is repeated a number of times corresponding to the 

number of pixels of the gained image. Fluorescence spectra made 

up of individual pixels from the ICCD camera 2540 are accepted 

as numerical data into the computer 2501. After gaining the data 

about all the pixels , the wavelength components of the pump light 

and erase light mixed in as background signals are removed by 

numeral processing. A value obtained by integrating other 

wavelength components is taken as an image signal about one pixel . 

The image data obtained in this way is sent to an external output 

device such a^a CRT or a printer and stored in a storage device 
fl^tJ ) 

such as irj ^ yHDD or FDD. 

As described in detail thus far, the present invention 
can offer a novel double- resonance-absorption microscope which 
is capable of generating a hollow erase light beam ideal for 
providing super- resolution and which can accomplish 
super-resolution more effectively and reliably. 

[II] Novel Dye Laser and Novel Double-Resonance- Absorption 
Microscope Using a light source having excellent, operability 
and maintainability ^ ^ ^ 

The present invention^^so\jg -ealig4£^s s| dye laser that can 
be useful as a light source in a microscope. Use of this novel 
dye laser accomplishes a novel double- resonance-absorption 
microscope having excellent functionality, operability, and 
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maintainability associated with the light source. 

The dye laser in accordance with the present invention 
is characterized in that it has a solid laser medium and a short 



pulsed laser for exciting the solid laser medium in which 
molecules having at least two quantum levels are dispersed as 
dyes. This is hereinafter referred to as the solid-state dye 
laser . 

In this solid-state dye laser, the laser medium is a solid 
medium containing dye molecules and, therefore, is entirely 
different f rom liquidmedia of conventional dye lasers . Therefore, 
a cartridge- type solidT-state dye lase^medium capable of being 



replaced with one touch^ io enabled . Xn this way, the medium can 
be replaced quite easily without changing other optics. The 
burden on the use^\slich as maintenano'e,. can be alleviated. 



A sol -gel method, for example, can be used to create the 
solid laser medium. The aforementioned dye molecules are 
dispersed in an inorganic or organic solution, and the solution 
is solidified by a sol-gel method. Since the created solid has 
a quite high damage threshold, inorganic glass, PMMA, and so 
on can be preferably used. The sol -gel method permits creation 
of various shapes of solid . Therefore , solid laser media in shapes 
appropriate for lasers can be readily accomplished. No 
restrictions are placed on the starting solution of the sol-gel 
method or on various conditions as long as a solid suitable for 
a laser medium such as inorganic glass or PMMA can be created. 
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Where a dye is dispersed using a medium consisting of a 
solid organic material typified by PMMA, the solid laser medium 
can be created by melting at high temperatures, as well as by 
a sol-gel method. In this case, a solid organic material such 
as PMMA is heated andmelted, a dye is added to the molten material , 
and then the material is cooled. In this way, solid laser media 
can be fabricated easily and with excellent mass productivity. 

Dye molecules containing double bonds or benzene rings 
can be used. Examples include: 
2,2" -Dimethyl -p- terphenyl : 
P- terphenyl (PTP) : 

3 , 3 ' , 2 " , 3" -Tetramethyl -P-quaterphenyl : 
2, 2"" -Dimethyl -P -qua terphenyl : 
2-Methyl-5- t-butyl-p-quaterphenyl : 

2- (4-Biphenylyl) -5- (4- t-butylphenyl) -1,3, 4-oxia2ol 
(BPBD-365) : 

2- (4-Biphenylyl) -phenyl-1, 3 , 4-oxadiazol : 
2 , 5 , 2" " "5 , " " " -Tetramethyl-p-quinquephenyl : 
3, 5, 3"" "5, """-Tetra-t-butyl-p-quinquephenyl : 
2 , 5 -Diphenyloxazol : 
2 , 5 - Diphenyl f uran : 
PQP (p-Quanterphenyl : 

2, 5 -Bis- (4-biphenylyl) -1,3, 4-oxadiazol: 

p -Qua terphenyl -4 -4 " " -disulf onicacid Disodiumsal t : 

p-Quaterphenyl-4 -4" " -disulf onicacid Dipotassiumsal t : 
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4, 4 ""-Bis- (2 -butyloctyloxy) -p-quanterphenyl : 
3, 5, 3" ""5, """-Tetra-t-butyl-p-sexiphenyl : 
2- (1-Naphthyl) - 5 -phenyloxazol : 

2- (4 -Biphenylyl ) - 6 -phenylbenzoxazote trasul f onicacid 
Potassium Salt: 

2- (4 -Biphenylyl) - 6 -phenylbenzoxazol - 1 , 3 : 

4,4' -Diphenylstilbene : 

[1,1' -Biphenyl] -4 -sulfonic acid, 

4 , 4 " - 1 , 2 -ethene-diylbis- , dipotassium salt : 

2, 5-Bis- (4 -biphenylyl) -oxazol : 

2 , 2 ' - ( [1 , 1 ' -Biphenyl] -4,4' -diyldi-2 , 1-ethenediyl ) -bis-benze 

nesulfonic acid Disodium Salt: 

7-Ainino-4 -methylcarbostyryl : 

1, 4-Di [2- (5-phenyloxazoly) ] benzene: 

7 -Hydroxy-4 -methylcoumarin : 

p-Bis (o-methylstyryl) -benzene: 

Benzofuran, 2 , 2 ' - [1 , 1 ' -biphenyl] -4,4' -diyl-bis- tetrasulf onic 
-acid: 

7 -Dimethylamino-4 -methylquinolom-2 : 
7 -Ainino-4 -methylcoumarin : 

2- (p-Dimethylaminostyryl ) -pyridylmethyl Iodide: 

7 -Diethylaminocourriarun : 

7 -Diethylamino- 4 -methylcoumarin : 

2,3,5, 6-lH, 4H-Tetrahydro-8-methylqinolizino- [9, 9a, 1-gh] -cou 
marin: 

76 



7 -Diethylamino- 4 - trif luormethylcoumarin : 
7 -Dimethylainino-4 - trif luormethylcoumarin : 
7 -Amino-4 - trif luormethylcoumarin : 

2,3,5, 6-lH, 4H-Tetrahydroquinolizino- [9, 9a, 1-gh] -coumarin: 
7 -Ethylamino- 6 -methyl -4 - trif luormethylcoumarin : 
7 -Ethylamino-4 - trif luormethylcoumarin : 

2,3,5, 6-lH, 4H-Tetrahydro-9-carboethoxyquinolizino-- [9, 9a, 1- 
gh] coumarin : 

2, 3 , 5, 6-lH, 4H-Tetrahydro-9- (3-pyridyl) -quinolizino- [9, 9a, 1- 
gh] coumarin : 

3- (2 ' -N-Methylbenzimidazolyl) -7-n, n-diethylaminocoumarin : 
2, 3 , 5, 6-lH, 4H-Tetrahydro-9-acetylquinolizino- [9, 9a, 1-gh] -co 
umarin: 

N-Methyl-4- trif luormethylpiperidino- [3,2-g] -coumarin: 

2- (p-Dimethylaminostyryl) -benzothiazolylethyl Iodide: 
3 - (2 ' -Benzimidazolyl) -7-N, N-diethylaminocoumarin: 
Brillantsulf af lavin : 

3- (2 ' -Benzothiazolyl) -7 -diethylaminocoumarin : 

2, 3, 5, 6-lH, 4H-Tetrahydro-8- trif luormethylquinolizino- [9, 9a, 
1 -gh] coumarin : 

3,3' -Diethyloxacarbocyanine Iodide : 

3 , 3 ' -Dimethyl-9-ethylthiacarbocyanine Iodide: 

Disodium Fluorescein (Uranin) : 

9- (o-Carboxyphenyl) -2 , 7 -dichloro- 6 -hydroxy- 3H-xanthen- 3 -on2 
, 7 -Dichlorof luorescien • Fluorescein 548: 
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Fluorol 555 (Fluorol 7GA) : 

o- (6-Ainino-3-iinino-3H-xanthen-9-yl) -benzonic acid (Rhodamine 
560) : 

BenzoicAcid, 2- [6- (ethylamino) -3- ( ethyl imino) -2, 7 -dimethyl -3 

H-xanthen9-yl] , perchlorate (Rhodamine 575): 

Benzonic 

Acid, 2- [6- (ethylamino) -3- (ethylimino) -2, 7 -dimethyl - 3X-xanth 
en-9-yl] -ethylester, monohydrochloride (Rhodamine 590) : 
1,3' -Diethyl-4 , 2 ' -quinolyloxacarbocyanine Iodide : 
1,1' -Diethyl-2 , 2 ' -carbocyanine lodid: 

2- [6- (diethylamino) -3- (diethylimino) - 3H-xanthen- 9 -yl] 
benzonic acid (Rhodamine 610): 

Ethanaminium, N- [ ( 6 -diethylamino) -9- (2, 4-disulf ophenyl) -3H-x 
anthen-3 -ylidene] -N- ethylhydroxid, inner salt, sodium salt: 
Malachit Green: 

3,3' -Diethyl thiacarbocyanine Iodide : 

1,3' -Diethyl-4 , 2 ' -quinolyl thiacarbocyanine Iodide : 

8- (2-Carboxyphenyl) -2 , 3 , 5 , 6 , 11 , 12 , 14 , 15 - octahydro- IH, 4H, lOH 

, 13H-diquinolizino [9 , 9a, 1-bc : 

9 ' , 9a ' , 1-hi] xanthylium Perchlorate (Rhodamine 640): 

4 -Dicyanmethylene- 2 -methyl - 6 - (p-dimethylaminos tyryl ) - 4H-pyr 

an : 

3,3' -Diethyloxadicarbocyanine Iodide : 

8- (2 , 4 -Disulf ophenyl) -2, 3, 5, 6, II, 12, 14, 15- octahydro -IH, 4H, 1 
OH, 13H-diquinolizino [9 , 9a, 1-bc : 9 ' , 1-hi] xanthene 
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(Sulf orhodamine 640) : 

5 , 9-Diaminobenzo [a] phenoxazonium Perchorate : 

9 -Diethylamino- 5H-benzo (a) phenoxazin- 5 -one : 

5 - Amino- 9 -diethylimino (a) phenoxazonium Perchlorate : 

3 -Ethylamino-7 -ethylimino-2 , 8-dimethylphenoxazin-5 -ium 

Perchorate : 

8- (Trif luoromethyl) -2, 3, 5, 6, 11, 12, 14, 15 -octahydro- IH, 4H, lOH 
, 13H-diquinoli2ino [9, 9a, 1-bc : 9 ' , 9a, 1-hi] xanthylium 
Perchlorate : 

l-Ethyl-2- (4- (p-Dimethylaminophenyl) -1,3 -butadienyl) -pyridi 
nium Perchlorate: 
Carbazine 122 : 

9 - Ethyl amino- 5 - ethyl imino- 10 -methyl - 5H-benzo (a) phenoxazoniu 
mPerchlorate : , 

3 -Diethylamino-7 -diethyliminophenoxazonium Perchlorate \ 
3 -Diethyl thiadicarbocyanine Iodide : 
Oxazine 750: 

1 - Ethyl -4- (4- (p-Dimethylaminophenyl) -1, 3 -butadienyl ) -pyridi 
ninum Perchlorate: 

1,1', 3, 3, 3', 3' -Hexamethylindodicarbocyanine Iodide : 
1,1' -Diethyl-4 , 4 ' -carbocyanine Iodide : 

2- (4- (p-Dimethylaminophenyl) -1, 3 -butadienyl ) -1,3, 3- trimethy 

1- 3H- indolium Perchlorate : 

2- (4- (p-Dimethylaminophenyl) -1, 3 -butadienyl) - 3 -ethylbenzoth 
oazolium Perchlorate: 
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1,1' -Diethyl-2 , 2 ' -dicarbocyanine Iodide : 

1- Ethyl -4- (4-(9-(2,3,6, 7 - tetrahydro- IH, 5H-benzo (i, j ) -chinol 
inozinium) ) -1, 3-buta dienyl) -pyridinium Perchlorate: 
3,3' -Dimethyloxatricarbocyaninelodide : 

1- Ethyl-4 - (p-Dimethylaminophenyl) -1, 3-buta 
dienyl ) -quinolinium Perchlorate: 

8-Cyano-2, 3 , 5 , 6 , 11 , 12 , 14 , 15 -octahydro- IH , 4H, lOH, 13H-diquino 
lizino [9, 9a, 1 -be: 9a' , 1 -hi] xanthylium Perchlorate 
(RhodamineSOO) : 

2- (6- (4-Dimethylaminophenyl) -2 , 4 -neopentylene- 1 , 3,5) -3-meth 
ylbenzothiazoliumPerchlorate : 

1,1', 3, 3, 3 ',3' -Hexamethylindotricarbocyanine Iodide : 
IR125: 

3,3' -Diethylthiatricarbocyanine Iodide : 
IR144: 

2-(6-(9-(2,3,6,7, -Tetrahydro- IH, 5H-benzo (i, j ) - chinol izinium 
) ) -2, 4-neopentylene-l, 3, 5 -hexatrienyl ) - 3 -methyl Ibenzothiazo 
lium Perchlorate: 

3,3' -Diethyl- 9 , 11 -neopentylenethiatricarbocyanine Iodide : 
1,1', 3, 3, 3', 3' -Hexamethyl-4 , 4 ' , 5 , 5 ' -dibenzo-2 , 2 "-indo tricar 
bocyanine Iodide: 

3,3' -Diethyl -4 , 4 ' , 5 , 5 ' -dibenzothiatricarbocyanine Iodide : 

1,2' -Diethyl -4 , 4 ' -dicarbocyanine Iodide : 

IR140: 

2- (8- (4-p-Dimethyhlaminophenyl) -2 , 4-neopentylene-l, 3,5, 7-oc 
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tatetraenyl) -3 -methylbenzothiazolium Perchlorate : 
IR132 : 

2- (8- (9- (2, 3, 6, 7 -Tetrahydro-IH, 5H-benzo (i , j ) chinolizinium) ) 
-2, 4-neopentylene-l, 3,5, 7 -octatetraenyl ) -3 -methylbenzothiaz 
olium Perchlorate : 
IR26: 
IR 5 

On the other hand, this solid-state dye laser uses short 
pulsed laser pumping and so it is quite advantageous in realizing 
super- resolution if the dye laser is used as a pump light source 
and as an erase light source in a double-resonance-absorption 
microscope. In particular, to accomplish fluorescence 
suppression in a double-resonance-absorption microscope, the 
pulse widths of the pump light and erase light need to be quite 
short, because many sample molecules (especially, fluorescence 
labeler molecules) are quite short, or on the nanometer order. 
Accordingly, where the above-described solid-state dye laser 
is used, pulsed pump light and erase light with nanometer-order 
pulses (e.g. , shorter than 10 nsec, or even shorter than 1 nsec) 
shorter than the fluorescence lifetime of the sample molecules 

(e.g., fluorescence labeler molecules) can be generated by short 
pulsed laser pumping. Fluorescence can be suppressed 

effectively. 

Furthermore, if the dye molecules of the solid-state dye 
laser are excited with an ultrashort pulse width on the nanometer 
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order, the laser oscillation efficiency can be enhanced, because 
the dye molecules do not stay in triplet levels that do not 
contribute to laser oscillation. 

Additionally, this solid-state dye laser enables easy 
wavelength conversion, unlike the prior art liquid dye laser. 
For example, as shown in Fig. 29, a short pulsed laser 2401 emits 
dye-pumped light 2402 having a periodic light intensity 
distribution. If this light 2402 is made to hit one surface of 
a solid-state laser medium 2403 from two different directions 
via a half mirror 2404 and via a reflecting mirror 2405, an 
interference pattern 2406 on the wavelength order of the 
dye-pumped light 2402 is created. In this structure, an inverted 
distribution having a periodic structure is formed within the 
solid-state laser medium 2403. Laser light 2407 is generated 
in a direction parallel to the surface irradiated with the 
dye-pumped light 24 02 at a wavelength matched to the period. 
Since the interval between the fringes of the interference 
pattern is varied by varying the direction of irradiation of 
the dye-pumped light 2402, the wavelength of the laser light 
24 07 can be varied. That is, pump light having a wavelength of 
Ai and erase light having a wavelength of X2 matching the sample 
molecules (or fluorescence labeler molecules) can be generated 
simply by varying the direction of ir;radiation of the dye 
itation light 2402. Additionally, bo^'^anmp light source and 
se light source can be realized with only one solid-state 
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dye laser by using the laser light from the short pulsed laser 
2401 as pump light having a wavelength of Xi and using the laser 
light from the solid laser medium 2403 as erase light having 
a wavelength of X2. 

The instrument may be ■ so constructed that the laser 

oscillation wavelength is controlled using an optical grating. 

I 

Furthermore, a mechanism for scanning the wavelength by 
controlling the spatial positions of the excitation light and 
a prism may be added. 

As described thus far, the solid-state medium laser in 
accordance with the present invention^ has excellent 
f unctionali^t,yT^aintainabilri>ty , and economy.' Where this laser 
is used as eswaiy light source In a double- resonance-absorption 
microscope, the serviceability and economy of the microscope 
system are enhanced. In addition, super-resolution can be 
accomplished more reliably and easily. In this way, this laser 
is quite useful for the double -resonance absorption microscope . 
Of course, this laser can also be used in fluorescence microscopes 
and the like other than double-resonance-absorption 
microscopes. 
Example 3 

Fig. 30 is a schematic diagram showing one example of the 
solid-state dye laser in accordance with the present invention. 
This laser is capable of wavelength conversion. 

The solid-state dye laser shown in Fig. 30 includes a solid 
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laser medium 2703 having a pumping surf ace . A prism 2705 is placed 
in intimate contact with the pumping surface. In this geometry, 
if dye-pumped light 2702 from a short pulsed laser 2701 acting 
as an excitation light source is made to hit the pumping surface 
of the solid-state laser medium 27 03 at an angle, the transmitted 
light and the light reflected inside the prism directly interfere 
with each other at the boundary surface between the prism 2705 
and the solid laser medium 2703 . This creates a periodic inverted 
distribution within the solid laser medium 2703 at the pitch 
of interference fringes 2706. At this time, if the wavelength 
of the standing wave within the solid laser medium 2703 satisfies 
the Bragg condition determined by the pitch of the inverted 
distribution, then the wavelength meets the resonance condition . 
As a result, laser light 2704 is generated. The pitch of the 
interference fringes 2706 can be set to an arbitrary value and 
the oscillation frequency of the solid laser medium 2703 can 
be varied by making use of the fact that the pitch of the 
interference fringes 2706 varies according to the incidence angle 
of the dye-pumped light 2702. 

Therefore, this solid-state dye laser achieves wavelength 

i 

conversion wi thin the tunable wavelength range of the solid laser 
medium 2703 . If the oscillation wavelength range should be varied, 
the laser medium may be replaced with a solid laser medium 2703 
in which other dye molecules are dispersed. Since it is solid, 
the replacement is easy to perform. At this time, the 
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|so|^a^usted^ that 



concentration of the dye molecules is [ sof adjusted/ that the 
resonance conditions remain the same. 

In Fig. 30, a resonator is formed by an end mirror 2707. 
In this structure, the laser pumping conditions are determined 
by the accuracy at which the end mirror 2707 and the solid laser 
medium 2703 are machined and by the specifications of the prism 
2705. That is, the wavefront of the generated laser light does 
not depend on the quality of the wavefront of the dye -pumped 
light 2702 from the short pulsed laser 2701. Accordingly, laser 
light having a uniform wavefront can be generated by reliably 
constructing the resonator of the solid-state dye laser. This 
laser light is passed through the aforementioned phase plate 
(see Figs. 19 and 20) , whereby erase light having a hollow beam 
profile optimal for suppression of fluorescence can be created. 

In the following specific example, the solid-state dye 
laser shown in Fig. 30 uses the following solid laser medium 
27 03 and short pulsed laser 27 01 . The used sample is a biological 
one consisting of fluorescence labeler molecules and stained 
with rhodamine 6G. 

First, a block (5mm x 5 mm x 5 mm) of rhodamine B in which 
PMMA (polymethyl methacrylate) is dispersed at a concentration 
of 1 m mol/^ is used as the solid laser medium 2703. Tlj^e^-ra^r 
pumping surface and the dye-pumped light incid^t surface of 
this solid laser medium 2703 are polished almost e^t4re€tl f^,^ . 

An Nd:YAG laser is used as the short pulsed—ta-ger 27 01. 
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In this structure, bwdrrfgyto the excitation caused by the second 
hapnpni''c^-53 2 nm) of the Nd : YAG laser, the conversion efficiency 
isVPrtmraiimd/Where the wavelength generated by the solid laser 
medium 2703 is about 590 nm. This wavelength range includes the 
wavelength of X2 necessary for excitation Si — > S2 of rhodamine 
6G. The second harmonic (532 nm) is the same as the wavelength 
Xi of the pump light necessary for excitation So — > Si of rhodamine 
6G. Therefore, the second harmonic (532 nm) from the Nd : YAG pulsed 
laser can be used as dye-pumped light and pump light intact. 
The laser light 2704 generated from the solid laser medium 2703 
can be used as erase light. Where the second harmonic from the 
single Nd:YAG pulsed laser is used as dye-pumped light and as 
pump light, a light- splitting element such as a half mirror for 
splitting the second harmonic may be inserted in the optical 
path of the second harmonic. 

Fig, 31 is a schematic representation of another example 
of the solid-state dye laser in accordance with the present 
invention. In this example shown in Fig. 31, the wavelength 
generated from the solid laser medium 2703 is controlled by a 
diffraction grating 2708 that is an external resonator. In this 
geometry, the generated wavelength can be selected by rotating 
the diffraction grating 2708. 

Pump light or erase light can be easily produced by using 
the solid-state dye laser described thus far as a pump light 
source or an erase light source or both in the 
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double-resonance-absorption microscope in accordance with the 
invention. Hence, double- resonance absorption and fluorescence 
suppression can be readily adapted to various sample molecules 
or fluorescence labeler molecules. Since the excitation light 
source is the short pulsed laser 2701 capable of producing short 
pulsed laser light on the subnanometer order as described above, 
double-resonance absorption and fluorescence suppression can 
be accomplished more reliably. Because the dispersed dye 
molecules are not stored in triplet state, the laser oscillation 
can be performed at high efficiency. 

The solid laser medium of the solid-state dye laser can 

1 

be fabricated by a sol-gel method as mentioned previously. One 
example of this is described below. 

In a sol-gel method, a solution consisting of a metal 
alkoxide, water, and an alcohol acid is first stirred at an 
appropriate temperature to cause hydrolysis and 
depolymerization. The solution changes into a sol in which 
colloidal particles of a me^al oAide appear. If the reaction 
is progressed further, thA wt«r3reyol becomes a gel. Any desired 
shape can be created during this change from sol ' to gel. For 
example, a coating film can be fabricated by a dipping method. 
The material can be shaped into fibrous form by spinning. 
Furthermore, the material can be shaped into bulky form, powder, 
granular form, and many other forms. Then, necessary conditions 
are selected, and the gel is dried. Thus, a porous dry gel is 
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obtained. If this dry gel is heated slowly to an appropriate 
temperature, the polymerization progresses further, resulting 

in a metal compound. 

Dye molecules are previously dispersed in a glass solution. 

A solid dye comprising the glass medium doped with dye molecules 
can be created by the aforementioned process using such a sol -gel 
method. Furthermore, an organic/inorganic hybrid molecular 
structure can be imparted to the medium of the solid dye by 
chemically polymerizing organic molecules with terminal groups 
of an inorganic compound. 

As described in detail thus far, the present invention 
accomplishes a novel solid-state dye laser that dispenses with 
cumbersome dye replacement. Where this is used as a pump light 
source and as an erase light source. a novel 
double-resonance-absorption microscope having light sources 
thatareexcellent in operabilityandmaintainability is offered. 

[Ill] Novel Double-Resonance-Absorption Microscope capable of 
suppressingmixing of excitation light into a fluorescence signal 
to thereby prevent deterioration of the S/N and 
[IX. a] Novel Double-Resonance-Absorption Microscope having 
excellent three-dimensional spatial resolution 

The present invention provides a 

double-resonance-absorption microscope having a pump light 
source for exciting sample molecules from a ground state to a 
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first electronic excited state and an erase light source for 
exciting the sample molecules in the first electronic excij^ed 
state to a aet^ond""^ higher electronic excited stat^^Thel 
microscope (de-fe:e^=^*rTg^missio of light caused when the exca-ted 
sample molecuTes deexcite to the ground state. The pump light 
has a photon energy less than half of an excitation energy 
necessary to excite the sample molecules or fluorescence labeler 
molecules in state So to state Si. The erase light has a photon 
energy less than half of an excitation energy necessary to excite 
the sample molecules or fluorescence labeler molecules in state 
Si to state S2. That is, the double-resonance-absorption 
microscope in accordance with the invention makes use of a 
-resonance-multiphoton excitation process that is one of 
n-resonance optical effects. 

A non-resonance-multiphoton excitation process in a 
two-photon case (referred to as "non-resonance two-photon 
excitation process") is described. Referring to Fig. 32, it is 
assumed that a substance has two energy levels (electronic 
excited states) So and Si. Let Eqi be the energy between these 
two levels . If light of a high photon flux having a photon energy 
Eoi/2 that is half of the energy Eoi is made to hit the substance, 
transition from state So to state Si is permitted. This effect 
is referred to as a non-resonance-absorption two-photon 
excitation process. 

According to perturbation calculations up to the second 
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order in quantum mechanics, the probability a of transition from 
state So to state Si during a non-resonance-absorption two-photon 
excitation process is given by 

a,(S„-^S,)r=A(fE)^ . 



dt h 

X ji £ sin{cot')exp(ico-^ )dt ' • 
Xoj£sin(^t;t")exp(ia;oj)dt" 



(14) 



where F sin (cot) is the amplitude of the excitation light, -er 
is the electric dipole moment of sample molecules, co is the 
angular frequency of the excitation light, h is Planck ' s constant, 
t is time, t' and t" are integral constants of t, cOjo/ cOij ' are 
the resonance frequencies of sample molecules where a virtual 
quantum state j is assumed, and Xji* Xoj are matrix elements of 
the electric dipole moment between the states Si and S2 . Xji and 
Xoj are given by 



(15) 



where Uk, Um are the wave functions of molecules associated with 
a transition in ending state k and in starting state m, 
respectively. 



On the other^haiid, in the case of a normal, one-photon 




excitation procesb, ^e39t:i tation, or transition, is done without 
|any virtual intermediate state. The probability of this 
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transition is given by the following formula using the 
first-order perturbation theory: 

|a,(S„-S,)r=A(^)^. 

2 

Xoi£sin(^(X')exp(i^^,t)dt' 

(16) 

As can be seen by comparing Figs. (140 and (16), the 
probability of transition So -> Si is in proportion to the fourth 
power of the amplitude, or magnitude, of the excitation light 
in the case of a non-resonance two-photon excitation process 
(in other words, in proportion to the square of the amplitude 
of the excitation light) . In the case of a one-photon excitation 
process, the probability is in proportion to the square of the 
amplitude of the excitation light (in other words, the 
probability is linearly proportional to the magnitude of the 
excitation light) . That is, in the case of a non-resonance 
two-photon excited process, the intensity of fluorescence is 
almost in proportion to the square of the intensity of the 
excitation light. In the case of a one-photon excited process, 
the fluorescence intensity is linearly proportional to the 
magnitude . 

Accordingly, a fluorescence signal with quite excellent 
S/N can be obtained by combining such a non- resonance two-photon 



excitedprocess with a double-resonance absorption process , i.e. , 
by using a non- resonance two-photon excited process for 
transition So Si and for transition Si — > S2 . ' \ 

This principle is described by referring to Figs. 33 and 
34. Fig. 33 conceptually illustrates combinations of 
double-resonance absorption processes and non- resonance 
two-photon excited processes, together with an energy diagram 
of fluorescence labeler molecules. Fig. 34 illustrates the 
relation between the photon energy of excitation light and an 
absorption/fluorescence spectrum of sample molecules. 

Referring first to Fig. 33, one kind of pump light has 
a photon energy Eoi/2 that is half of the energy necessary for 
normal transition So ^ Si. Where this photon energy is converted 
into a wavelength, this is 2Xi, which is twice as long as the 
wavelength occurring during normal transition So — > Si . Using 
this pump light, excitation is made from state So to state Si 
via a virtual level Svo . Subsequently, exci taction from Si to S2 

! 
I 

is made via a virtual level Svi using erase light having a photon 
energy E12/2 that is half of the energy necessary for normal 
transition Si — > S2. Where this photon energy is converted into 
a wavelength, this is 2X2, which is twice as long as the wavelength 
occurring during normal transition Si — > S2 . The erase light of 
energy E12/2 is directed to the sample after the pump light of 
energy Eoi/2 is irradiated and before molecules in state Si 
fluoresce. 
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When only a double- resonance-absorption process occurs 
as shown in Fig. 34, the photon energy Eoi of the pump light 
having a wavelength of Xi belongs to absorption band So — > Si. 
The photon energy E12 of the erase light having a wavelength 
of X2 belongs to absorption band Si — > S2 and to the fluorescence 
band. On the other hand, the photon energy Eoi/2 of the pump 
light having wavelength 2Xi and the photon energy E12/2 of the 
erase light having wavelength 2X2 belong to none of the absorption 
band So — > Si, absorption band Si S2, and the fluorescence band. 

Accordingly, the excited wavelength is placed in an energy 
range much lower than the fluorescence band by creating sample 
molecules in state Si with trJveB)ump light having wavelength 2Xi 
and photon energy Eoi/2^^^ ^e^j/fci ting the molecules to state S2 
with the erase light having wavelength 2X2 and photon energy 
E12/2 before the molecules in state Si fluoresce. The excited 
wavelength does not overlap the fluorescence band. Hence, the 
excitation light is not mixed in as background light. 
Consequently, a fluorescence signal with quite high S/N can be 
obtained. 

A non- resonance two -photon excitation process is used for 
any one of excitations Sq Si and Si -> S2. That is, any one 
of the pump light and erase light can have a photon energy that 
is half the excitation energy. This is advantageous if the 
wavelength for normal excitation So Si overlaps the 

fluorescence band, or if the wavelength for normal excitation 
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Si — ^ S2 overlaps the fluorescence barn 



The description provided thus far 




two-photon. 



non-resonance, multiphoton excitation process. Similarly, 
where a non-resonance-absorption excitation process in which 
three or more photons are associated is used, the 
double-absprption multiphoton excitation process in accordance 
with the present invention can effectively prevent mixing of 
the excitation light . In the nth- order non- resonance multiphoton 
excitation process, the pump light and erase light have photon 
energies that are 1/n of the energies necessary for normal 
excitation So Si and excitation Si S2, respectively. For 
example, in a non-resonance three-photon excl$^t\on process 



Tri^olving three photons, the photon energies os^^^^dmp light and 



i/etase light are only one-third of the excitation energy. 



Many fluorescence labeler molecules use photon energies 
during non- resonance multiphoton excitation processes. 
So-called normal electronic excited levels other than virtual 
levels do not exist. Therefore, the molecules are transparent 
to pump light and to erase light. By making use of this property, 
a super-resolution microscope having quite excellent 
performance can be accomplished. 

Depth resolution in the direction of the optical axis can 
be imparted to the double- resonance-absorption microscope by 
using this non-resonance multiphoton excited process . That is, 
three-dimensional spatial resolution can be imparted to the 
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instrument. For the sake of simplicity, a non-resonance 
two-photon excitation process is taken as an example. 

It is assumed that excitation light has a wavelength of ^ 
Xi . An achromatic optical system is used as a focusing lens. 
If the light of the wavelength Xi is collectedby the whole aperture 
(having a numerical aperture of NA) of the optical system, the 
three-dimensional complex amplitude distribution I (x, y, z) 
in the image space (x, y, z) is given by 

I(x,y,z) = JJe e ^ A§iC 

NA 

(17) 

where f is the focal distance and (S, C) are coordinates in the 
pupil plane. Integration is performed over the whole aperture. 

According to Eq. (16) above, if the light of the wavelength 
Xi is irradiated to excite sample molecules to state Si by a 
normal one-photon excitation process, the amount of excited 
molecules qpne (x, y, z) is in proportion to I (x, y, z ) ^ . According 
to Eq. (17), if sample molecules are excited by light having 
a wavelength of 2Xi by means of a non-resonance two-photon 
excitation process, the amount of excited molecules qtwo (x, y, 
z) is in proportion to I (x, y, z)^. If qone(x, y, z) and qtwo(x, 
y, z) are normalized and Fourier- transformed into a frequency 
space, they are changed into physical amounts (3DOTF) indicating 
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actually observable3)?®solut^^ns . Let Qone(x, y, z) and Qtwo(x, 
y, z) be the normalized amount of excited molecules during the 
one-photon excitation process and the normalized amount of 
excited molecules during the non- resonance two-photon excited 
process, respectively. Then, relations given by Eqs . (18) and 
(19) are obtained: 



JJjQo„e(kl.,kl,,kl,)e-"^''*^"'""-'dxdydz 

(18) 

s.,,(k2,,k2^,k2J = 

(19) 

where klx. ^^y. and klz are wave-vector components for excitation 
light havingawavelengthofXi, andk2x, k2yandk2zare wave-vector 
components for excitation light having a wavelength of 2Xi. 

Assuming that the pupil plane is symmetrical with respect 
to the optical axis, a parameter r = ^jx^ + is introduced. 
Cross sections of spatial distributions of (klr, klz) and (k2r, 
k2 J are found using Eqs. (18) and (19) , respectively . The results 
are shown in Figs. 35 (a) and 35(b) respectively, klr and k2r 
are the wave-vector components of the light having a wavelength 
of Xi and the light having a wavelength of 2Xi, taken in the 
radial direction from the optical axis. ^ 

- •# 
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According to Figs. 35 (a) and 35(b), irrespective of 
whether the process is a non-resonance two-photon excitation 
process or a one-photon excitation process, the upper limit Kmax 
and the lower limit Kmin of the spatial frequency range in the 
radial direction are given by 

NA 



K max = -K min = 2- 



M 

(20) 

where NA is the numerical aperture of the optics. They are 
substantially identical in spatial resolution but differ 
considerably in resolution in the direction of the optical axis . 
During the one-photon excitation process, there are no values 
in the direction of axis kl^ including the origin. This indicates 
that no resolution exists at all in the direction of the optical 
axis. On the other hand, during the non-resonance two-photon 
excitation process, there are values given by 

^ ^ . (l-(l-NA^)^) 

K max = -K min = /21) 

even in the direction of k22 that is the direction of the optical 
axis. That is, there is a depth resolution in the direction of 
the optical axis. This corresponds to the fact that excited 
molecules are confined to within a quite narrow space region, 
because the amount of molecules excited to state Si is in 
proportion to the square of the amplitude of the excitation light 
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as indicated by Eq. (14) . 

Accordingly, when molecules excited to state Si are created, 
a non-resonance two-photon excitation process is used. That is, 
pump light is used which has a photon energy that is half of 
the excitation energy for exciting sample molecules in a ground 
state to state Si. Thus, depth resolution in the direction of 
the optical axis can be imparted to the double- resonance 
absorption microscope . 

If^he double-resonance absorption microscope is/^ 
designed^t>lat if a region that emits when sample molecules in 
state Si deexcite to a ground state is partially suppressed by 
directing pump light and erase light to the sample via an 
overlapping means as mentioned previously, the instrument can 
have depth resolution, as well as excellent 2D resolution . Hence, 
a super-resolution microscope of quite high performance is 
accomplished. The overlapping means causes a region irradiated 
with the pump light to overlap with the region irradiated with 
erase light. For example, the overlapping means is an optical 
system including a phase plate for shaping the erase light into 
a hollow beam. 

Of course, the theory described thus far can be similarly 
applied to erase light used to excite molecules from state Si 
to state S2. Three-dimensional spatial resolution can be 
accomplished by setting the photon energy to half of the 
excitation energy necessary for normal excitation Si — » S2 . Also, 
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where a non- resonance multiphoton excitation process in which 
three or more photons are involved is used, three-dimensional 
spatial resolution can be similarly attained by setting the 
photon energies 
Wi^hNsome 

mplesl ^ex/citation light wavelength is close to or overlaps 
uorescence wavelength during a one-photon excitation process . 
Examples of these labeler molecules are listed below. Where a 
sample is stained with these fluorescence labeler molecules, 
the above-described effect of the present invention arising from 
a non-resonance two-photon excitation process (i.e., 
improvement of the S/N of the fluorescence signal into which 
background light is not mixed) is made more conspicuous. 
Examples of Fluorescence Labeler Molecules: 
2,2" -Dimethyl -p- terphenyl : 
P-terphenyl (PTP) : 

3 , 3 ' , 2" , 3 " -Tetramethyl-P-quaterphenyl : 

2, 2"" -Dimethyl -P- qua terphenyl : 

2 -Methyl - 5 - t-butyl -p-quaterphenyl : 

2- (4-Biphenylyl) - 5- (4 - t-butylphenyl) -1,3, 4-oxiaz.ol (BPBD-365 
) : 

2- (4-Biphenylyl) -phenyl-1, 3 , 4-oxadiazol : 
2, 5, 2" ""5, """-Tetramethyl-p-quinquephenyl : 
3,5, 3" ""5, """-Tetra- t-butyl -p-quinquephenyl : 
2 , 5 -Diphenyloxazol : 



of Jcrie pump light and erase lignt to i/n. 
fluorescence labeler molecules for staining 
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2 , 5-Diphenylfuran: 
PQP (p-Quanterphenyl : 

2, 5 -Bis- (4-biphenylyl) - 1 , 3 , 4 -oxadiazol : 
p-Quaterphenyl -4 -4 " " -disulf onicacid Disodiumsal t : 
p-Quaterphenyl-4-4 " " -disulf onicacid Dipotassiumsal t : 
4, 4" "-Bis- (2-butyloctyloxy) -p- quant erphenyl : 
3, 5, 3"""5, " ""-Tetra- t-butyl-p-sexiphenyl : 
2- (1-Naphthyl) - 5 -phenyloxazol : 

2- (4-Biphenylyl) -6-phenylbenzoxazotetrasulfonicacid 
Potassium Salt: 

2- (4-Biphenylyl) -6-phenylbenzoxazol-l, 3 : 
4,4' -Diphenylstilbene : 
[1,1' -Biphenyl] -4-sulfonic acid, 
4, 4"-l, 2-ethene-diylbis- , dipotassium salt: 
2 , 5 -Bis- (4-biphenylyl) -oxazol : 

2, 2 ' - ( [1, 1' -Biphenyl] -4,4' -diyldi-2, 1-ethenediyl) -bis-benze 

nesulfonic acid Disodium Salt: 

7 - Amino - 4 - me thy 1 carbos ty ry 1 : 

1, 4-Di [2- (5-phenyloxazoly) ] benzene: 

7 -Hydroxy-4 -methylcoumarin : 

p-Bis (o-methylstyryl) -benzene: 

Benzofuran, 2 , 2 ' - [1 , 1 ' -biphenyl] -4,4' -diyl -bis- tetrasulf onic 
-acid: 

7 - D ime t hy 1 ami no - 4 - me thy 1 qu i no 1 om - 2 : 
7 -Amino- 4 -methylcoumarin : 
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2- (p-Dimethylaminostyryl) -pyridylmethyl Iodide: 
7 -Diethylaminocoumarun : 

7 -Diethylamino-4 -methyl coumar in : 

2, 3, 5, 6-lH, 4H-Tetrahydro-8-methylqinolizino- [9, 9a, 1-gh] -cou 
marin : 

7 -Diethylamino-4 - tri fluorine thylcoumarin : 
7 -Dimethylamino- 4 - tri f luormethylcoumarin : 
7 -Ainino-4 - tri f luormethylcoumarin : 

2,3,5, 6-lH, 4H-Tetrahydroquinoli2ino- [9, 9a, 1-gh] -coumarin: 
7 -Ethylamino- 6 -methyl - 4 - tri f luormethylcoumarin : 
7 -Ethylaminb-4 - trif luormethylcoumarin : 

2,3,5, 6-lH, 4H-Tetrahydro- 9-carboethoxyquinolizino- - [9, 9a, 1- 
gh] coumarin: 

2, 3 , 5, 6-lH, 4H-Tetrahydro-9- (3-pyridyl) -quinol izino- [9, 9a, 1- 
gh] coumarin : 

3- (2 ' -N-Methylbenzimidazolyl) -7-n, n-diethylaminocoumarin : 

2, 3 , 5, 6-lH, 4H-Tetrahydro-9-acetylquinolizino- [9, 9a, 1-gh] -co 
umarin: 

N-Methyl-4- trif luormethylpiperidino- [3 , 2-g] -coumarin: 

2- (p-Dimethylaminostyryl) -benzothiazolylethyl Iodide: 

3- (2 ' -Benzimidazolyl) -7 -N, N-diethylaminocoumarin : 
Brillantsulf af lavin : 

3- (2 ' -Benzothiazolyl) -7 -diethylaminocoumarin : 

2,3,5, 6-lH, 4H-Tetrahydro-8- trif luormethylquinolizino- [9, 9a, 
Igh] coumarin: 
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3,3' -Diethyloxacarbocyanine Iodide : 

3,3' -Diinethyl-9-ethylthiacarbocyanine Iodide: 

Disodium Fluorescein (Uranin) : 

9- (o-Carboxyphenyl) - 2 , 7 -dichloro- 6 -hydroxy- 3H-xanthen- 3 -on2 
, 7-Dichlorof luorescien • Fluorescein 548: 
Fluorol 555 (Fluorol 7GA) : 

o- (6-Amino-3-imino-3H-xanthen-9-yl) -benzonic acid (Rhodamine 
560) : 

BenzoicAcid, 2- [6- (ethylamino) -3- (ethylimino) -2 , 7 -dimethyl -3 
H-xanthen9-yl] , perchlorate (Rhodamine 575) : 
Benzonic , 

Acid, 2- [6- (ethylamino) -3- (ethylimino) -2 , 7 -dimethyl-3X-xanth 
en-9-yl] -ethylester , monohydrochloride (Rhodamine 590) : 
1, 3 ' -Diethyl-4 , 2 ' -quinolyloxacarbocyanine Iodide: 
1, 1' -Diethyl-2, 2 ' -carbocyanine lodid: 

2- [6- (diethylamino) -3- (diethylimino) -3H-xanthen-9-yl] benzon 
ic acid (Rhodamine 610) : 

Ethanaminium,N- [ ( 6 -diethylamino) -9- (2 , 4 -disulf ophenyl) -3H-x 
anthen-3-ylidene] -N- ethylhydroxid, inner salt, sodium salt: 
Malachit Green: 

3,3' -Diethyl thiacarbocyanine Iodide : 

1, 3 ' -Diethyl-4, 2 ' -quinolyl thiacarbocyanine Iodide: 

8 - ( 2 - Carboxypheny 1 )-2, 3, 5, 6, 11, 12, 14, 15 - oc tahydro - IH , 4 H , 1 OH 

, 13H-diquinolizino [9 , 9a, 1-bc : 

9 ' , 9a' , 1-hi] xanthylium Perchlorate 
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(Rhodamine 64 0) : 

4- Dicyanmethylene-2-methyl-6- (p-dimethylaminos tyryl ) -4H-pyr 
an: 

3,3' -Diethyloxadicarbocyanine Iodide : 

8- (2 , 4-Disulfophenyl) -2,3,5,6, 11 , 12 , 14 , 15 -octahydro- IH , 4H , 1 
OH, 13H-diquinolizino [9, 9a, l-bc:9' , 1-hi] xanthene 

(Sulf orhodamine 640) : 

5 , 9-Diaminobenzo [a] phenoxazonium Perchorate : 

9- Diethylamino-5H-benzo (a) phenoxazin- 5 -one : 

5 - Amino- 9 -diethylimino (a) phenoxazonium Perchlorate : 

3 -Ethylamino - 7 - ethyl imino- 2 , 8 - dimethylphenoxazin- 5 - ium 
Perchorate: 

8- (Trifluoromethyl) - 2 , 3 , 5 , 6 , 11 , 12 , 14 , 15 -octahydro- IH, 4H, lOH 
, 13H-diquinolizino [9, 9a, l-bc:9' , 9a, 1-hi] xanthyl ium 
Perchlorate : 

l-Ethyl-2- (4- (p-Dimethylaminophenyl) -1, 3 -butadienyl ) -pyridi 
nium Perchlorate: 
Carbazine 122: 

9 - Ethylamino- 5 - ethyl imino- 10 -methyl - 5H-benzo (a) phenoxazoniu 
mPerchlorate : 

3 -Diethylamino-7 -diethyliminophenoxazonium Perchlorate : 
3 -Diethyl thiadicarbocyanine Iodide: 
Oxazine 75 0: 

l-Ethyl-4- (4- (p-Dimethylaminophenyl) -1,3 -butadienyl) -pyridi 
ninum Perchlorate: 
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1,1', 3, 3, 3', 3' -Hexamethylindodicarbocyanine Iodide: 
1,1' -Diethyl-4 , 4 ' -carbocyanine Iodide : 

2- (4- (p-Dimethylaminophenyl) -1, 3 -butadienyl) -1,3, 3-trimethy 

1- 3H-indolium Perchlorate: 

2- (4- (p-Dimethylaminophenyl) -1, 3 -butadienyl ) -3 -ethylbenzoth 
oazolium Perchlorate: 

1,1' -Diethyl-2 , 2 ' -dicarbocyanine Iodide : 

1 -Ethyl -4- (4-(9-(2,3,6, 7 - tetrahydro- IH, 5H-benzo (i, j ) -chinol 
inozinium) ) -1, 3-buta dienyl) -pyridinium Perchlorate: 
3,3' -Dimethyloxatricarbocyaninelodide : 

1 - Ethyl -4- (p-Dimethylaminophenyl) -1, 3-buta 
dienyl) -quinolinium Perchlorate: 

8-Cyano-2, 3 , 5 , 6 , 11 , 12 , 14 , 15 -octahydro- IH, 4H, lOH, 13H-diquino 
lizino [9, 9a, 1-bc: 9a' , 1 -hi] xanthylium Perchlorate 
(RhodamineeOO) : 

2- (6- (4-Dimethylaminophenyl) -2, 4 -neopentylene- 1 , 3, 5) -3-meth 
ylbenzothiazoliumPerchlorate : 

1,1', 3, 3, 3', 3' -Hexamethylindotricarbocyanine Iodide : 
IR125 : 

3 , 3 ' -Diethylthiatricarbocyanine Iodide : 
IR144 : 

2- (6- (9- (2, 3,6,7, -Tetrahydro- IH, 5H-benzo(i, j) -chinolizinium 
) ) -2 , 4 -neopentylene- 1 , 3 , 5 -hexatrienyl ) -3 -methyl Ibenzothiazo 
lium Perchlorate : 

3,3' -Diethyl-9 , 11 -neopentylenethiatricarbocyanine Iodide : 
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1,1', 3. 3. 3'. 3' -Hexamethyl-4 , 4 ' , 5 , 5 ' -dibenzo-2 , 2 ' - indotricar 
bocyanine Iodide: 

3,3' -Diethyl-4, 4 ' . 5, 5 ' - dibenzothiatricarbocyanine Iodide: 

1,2' -Diethyl-4, 4 ' - dicarbocyanine Iodide: 

IR140: 

2- (8- (4-p-Diinethyhlaininophenyl) - 2 , 4 -neopentylene- 1 . 3, 5, 7-oc 
tatetraenyl) -3 -methylbenzothiazolium Perchlorate: 
IR132 : 

2- (8- (9- (2, 3, 6, 7-Tetrahydro-lH, 5H-benzo ( i , j ) chinolizinium) ) 
-2,4 -neopentylene- 1 ,3,5, 7 -octatetraenyl) - 3 -methylbenzothiaz 
olium Perchlorate: 
IR26: 
IR 5 

Embodiments of the present invention are described with 
reference to the accompanying drawings. The invention is 
described in further detail using these embodiments. 
Example 4 

Fig. 36 is a diagram showijng'Win portions of the structure 
of one example of a double -resonance absorption microscope in 
accordance with the present invention. The double-resonance 
absorption microscope shown in Fig. 36 constitutes a laser 
scanning fluorescence microscope and can effect partial overlap 
between the regions irradiated with pump light and erase light, 
respectively, as well as utilization of a double- resonance 
absorption process and a non-resonance multiphoton excitation 
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process. This double-resonance absorption microscope shown in 
this Fig . 36 comprises a light source, a sample observation system, 
and a detection system which are separately described in the 
following sections [lIl/IX.a-1] , [III/IX.a-2] , and 
[III/IX . a-3] , respectively. The non-resonance multiphoton 
excitation process exploits a non-resonance two-photon 
excitation process. The sample 10 is a biological one that acts 
as fluorescence labeler molecules and is stained with rhodamine 
6G. 

[IIl/IX.a-1] Light Source 

As a fundamental light source, an Nd:YAG laser 31 using 
a supersaturated dye and emitting picosecond pUlsed laser light 
is used. Its fundamental wave has a wavelength of 1064 nm and 
a photon energy of about 1.165 eV. Pump light and erase light 
are generated from the fundamental wave. A conversion formula 
photon (electron) energy (eV) = 1239 . 8 / wavelength (nm) is used. 

[IIl/lX.a-1 .a] Purrtp~ Light) 

The pump lidht ^^i^rst /described/ To excite rhodamine 
6G from state So to Si by a normal one-photon excitation process, 
a photon energy Eoi of about 2.3 eV is necessary. Rhodamine 6G 
starts absorption band So Si at about 550 nm, i.e. , about 2.25 
eV where converted into a photon energy (see Fig. 10) . Therefore, 
rhodamine 6G can be excited from state So to Si by a non- resonance 
two-photon excitation process and by using the fundamental wave 
from the Nd : YAG laser 3 1 , the fundamental wave having a wavelength 
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of 2X1 = about 1064 nm and a photon energy Eoi/2 = about 1.165 



eV. 



The ( ^^^frsTF^ ^) pump light has a photon energy Eoi/2 and 
a wavelength of 2Xi. The intensity of this pump light which is 
necessary to excite rhodamine 6G by a non-resonance two-photon 
excitation process from state/^r~t^ Si is described. In Eq. (14) 
above, let the photon flux c^f^^jrfnp light having a wavelength 
of 2X1 be I (2Xi) . The number of fluorescence labeler molecules 
exited from state So to Siby a non-resonance two-photon excitation 
process in a unit time is given by 

^I^ = a,(So-^S,)n„(t) ,22, 
dt 

where no (t) and ni(t) are the number of fluorescence labeler 
molecules in state So and the number of fluorescence labeler 
molecules in state Si, respectively, per unit volume when time 
t has elapsed since irradiation of the laser light. A physical 
amount aoi(2Xi) is defined as given by Eq. (23) and termed the 
absorption cross section in a non-resonance two-photon 
excitation process. \ 

Let No be the number of fluorescence labeler molecules per unit 
volume. The differential equation of Eq . (22) can be solved into 
the form: 
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ni(t) = N,[l-cxpl-a,,(2A,)l(2Ayt]] (24) 

% 

If the relation given in Eq. (25) below is satisfied, most 
fluorescence labeler molecules are excited to state Si, and an 
amount of emission necessary for observation of fluorescence 
can be obtained. 

a,,(2A,)l(2A,ft^l (25) 

For example, if the pulse width t of the laser light from 
the Nd:yAG laser 31 is assumed to be about 3 0 psec, the absorption 
cross section CToi(2Xi) of rhodamine 6G in a non- resonance 
two-photon excitation process is less than approximately 10"^° 
cm^ sec/photon. Therefore, the photon flux I (2Xi) of the laser 
light necessary to excite rhodamine 6G from state So to state 
Si by a non- resonance two-photon excitation process is less than 
about 10^** photons/cm^/sec . Where the fundamental wave from the 
NdrYAG laser 31 having a pulse width t of approximately 30 psec 
is focused into a submicrometer size, the intensity of the laser 
per pulse is less than 10 nJ/pulse. This can be sufficiently 
supplied from a commercially available NdrYAG laser. 
Consequently, another advantage is that an economical, easily 
available laser can be used in a non- resonance two-photon 
excitation process. 
[III/IX.a-1 .b] Erase Light 

Erase light is next described. To excite rhodamine 6G from 
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state Si to state S2 by a normal one-photon excitation process, 
a photon energy E12 of about 1.92 eV is necessary. Rhodamine 
6G starts absorption band Si S2 at about 640 nm, i.e., about 
1.94 eV where converted into a photon energy. Accordingly, the 
fundamental wave from the Nd:YAG laser 31 is converted into a 
wave having a wavelength 2X2 of about 1197 nm and a photon energy 
E12/2 of about 1.036 eV. This is used as erase light. In this 
way, rhodamine 6G can be excited from state Si to S2 during a 
non-resonance two-photon excitation process. 

This erase light can be created from the Nd:YAG laser 31 
using a Raman shifter 33 consisting of a crystal of Ba(N03)2 
in the same way as in the technique disclosed in Japanese patent 
application No . 97924/1998 , Where laser light is passed through 
the Raman shifter 33 consisting of a crystal of Ba(N03)2* Stokes 
lines successively shifted to the lower- frequency side by a wave 
number of 1045 cm"^ areproduced . These Stokes lines are completely 
coherent. If the fundamental wave of a wavelength of 10 64 nm 
from the YAG laser 31 is entered, the first-order Stokes line 
having a wavelength of 1197.4 nm is generated. If rhodamine 6G 
is excited from state Si to S2 with this firs t-order Stokes line 
by a non-resonance two-photon excitation process, then 
interlevel transition w3kth a gap of about 599 nm (photon energy 
of 2.07 eV) isXenab*^/ Accordingly, for rhodamine 6G, the 
first-order Stokes line having a wavelength of 1197 nm can be 
used as erase light. 
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Subsequently, the necessary intensity of erase JUiaht 

having a photon energy of E12/2 and a wavelength of 2>G(^^.^. # 
the intensity necessary to excite rhodamine 6G from s-fea-trfe Si 
to state S2 by a non-resonance two-photon excitation proc 
is described. 

First, irradiation of pump light and erase lighrfe. and 
measurement of a fluorescence signal are carried out apti/ming 
as illustrated in Fig. 37, which depicts the irradiation and 
measurement timing used in the time division measurement method 
disclosed in the above-cited Japanese patent application No. 
97924/1998 . This time division measurement method is especially 
advantageous where the pulse widths tp and te of pump light and 
erase light, respectively, are shorter than the lifetime T of 
fluorescence of fluorescence labeler molecules. First, 
fluorescence labeler molecules are excited from state So to Si 
with the pump light having a pulse width of tp. Immediately after 
irradiation of the pump light, the erase light having a pulse 
width of te is irradiated to excite fluorescence labeler molecules 
from state Si to state S2 - At this time, in the present embodiment, 
the regions irradiated with the pump light and erase light, 
respectively, are made to overlap each other partially to 
suppress fluorescence from spatial regions that do not need to 
be observed (see Fig. 6) . Then, the fluorescence signal from 
the fluorescence region Aq other than the 
fluorescence- suppressed region Ai is detected during the time 




110 



tg from the instant when the irradiation of the erase light ends 
to the instant when emission of the fluorescent labeler molecules 
ends . 

This irradiation and measurement timing is assumed. Let 
ni(tp) be the number of molecules in state Si created when the 
pump light is irradiated during the time tp according to Eq. 
(24) . The number of molecules in state Si when the erase light 
is irradiated during the time te is given by the following 
derivative equation : 

= -[a, (SI ^ S2) + a, (f )]n, (t) ^^e) 

dt 

where a2(Si — > S2) and a2(f) are the probability of transition 
S2 and the stimulated emission probability , respectively, 
by a non-resonance two-photon excitation process. With respect 
to the transition probability and stimulated emission 
probability, cross sections 012(2X2) and af(2X2) are defined. 
Solving Eq. (26) gives rise to , 

n,(tJ = n,(tp)exp[-{<Jf(2>a,2) + ^f(2.a2)}I(2;i2)'tJ (27) 

where ni(te) is the number of fluorescence labeler molecules 
in state Si within a unit volume in the fluorescence- suppressed 
region Ai . The fluorescence labeler molecules emit fluorescent 
light from the fluorescence- suppressed region Ai in proportion 
to the number ni{te). Therefore, in order to enhance 
super-resolution, the number ni (te) of fluorescence labeler 
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molecules in the fluorescence- suppressed region Ai needs to be 
reduced to a minimum. For example, it is suppressed to below 
10% of the number ni(te) of fluorescence labeler molecules in 
the fluorescence-suppressed region Ai, In this case, Eq. (27) 
leads to 

(28) 

Rewriting this results in 

{af(2A,^) + o;(2A^)]li2A^ft^>23 (29) 

In the case of rhodamine 6G, ai2(2X2) + af(2X2) is on the order 
of 10'^° cm^ sec/photon at a wavelength of 599 nm. It is assumed 
that the erase light has a pulse width te of 30 psec . A calculation 
using Eq. (29) indicates that the photon flux I (2X2) necessary 
for the erase light is about 10^° photons/cm^/sec similarly to 
the pump light. 

Therefore, the pump light having the required intensity, 
a photon energy of Eoi/2, and a wavelength of 2X1 and the erase 
light having the required intensity, a photon energy of E12/2, 
and a wavelength of 2X2 can be generated with a single NdrYAG 
laser 31. In the example of Fig. 36, the fundamental wave from 
the single NdrYAG laser 31 is split into two by a half mirror 
32. The transmitted light is used as pump light, while the 
reflected light is wavelength-converted by the Raman shifter 
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33 as mentioned previously and used as erase light. 

The erase light obtained in this way is entered into a 
dichroic mirror 37 acting as a beam combiner by reflecting mirrors 

34 and 35 placed behind the Raman shifter 33. The reflecting 
mirrors 34 and 35 are coated with an interference film. The 
unwanted fundamental wave from the YAG laser 31 that is not 
wavelength- converted may be cut by the Raman shifter 33. 

[III/IX.a-1 .a] Overlapping of Pump Light and Erase Light 

In the present embodiment, a phase plate 36 is placed in 
the optical path to the dichroic mirror 37 to shape the erase 
light into a hollow beam. A structure as shown in Fig. 38 can 
be used as this phase plate 36. The face of the phase plate 1514 
as shown in Fig. 3 8 is equally divided into four regions around 
the optical axis . These regions are shifted by 7r/2 successively. 
Those points which are symmetrical with respect to the optical 
axis are shifted in phase by tt. After passing through the phase 
plate 36, the erase light becomes a hollow beam having a zero 
intensity in its center . The intensity distribution of this beam 
is symmetrical with respect to the axis. 

The erase light in the hollow beam form is combined with 
the pump light by the dichroic mirror 37 so as to travel on the 
same optical axis. This causes the hollow erase light beam to 
overlap with the pump light, creating fluorescence region Aq 
and fluorescence- suppressed region Ai. 

Accordingly, it can be said that the means for causing 



113 



the regions irradiated with pump light and erase light, 
respectively, to overlap with each other is the phase plate 36 
or a combination of the phase plate 36 and the dichroic mirror 
37 . 

[IIl/lX.a-2] Sample Observation System 

The pump light and erase light created as described above 
and made coaxial are reflected by a half mirror 38 and focused 
onto a sample 310 via an objective lens 39 in a sample observation 
system. As mentioned previously, the sample 310 is a biological 
cell stained with rhodamine 6G. This sample 310 is placed on 
a three-dimensional motion stage 311 and can move in two 
dimensions on the focused surface and in one dimension along 
the optical axis. The 3D motion stage 311 can be driven by an 
inch worm PZT (piezoelectric device) , for example, and can be 
placed in position at a high positional resolution of the order 
of nanometers. 

[III/IX.a-3] Fluorescence Detection System 

The fluorescence detection system is made up of a 
photomul tiplier 314, an eyepiece lens 313, and an IR-cutting 
filter 312, and is quite simple in structure. Use of a 
non-resonance two-photon excitation process can quite 
effectively suppress the phenomenon that pump light and erase 
light are mixed into the fluorescence signal as background light . 
To completely remove stray light arising from the pump light 
and erase light, the IR-cutting filter 312 maybe withdrawably 
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inserted in the fluorescence optical path. 

This IR-cutting filter 312 may cut off light having a 
wavelength of 1 |uin, for example. Using this filter, stray light 
originating from the pump light and erase light can be completely 
cut off. The fluorescence band of rhodamine 6G is at around 57 0 
nm and spaced widely from the wavelength 500 nm of the original 
light source. Therefore, even with an inaccurate IR-cutting 
filter not having very high performance, stray light can be 
removed sufficiently. 

Furthermore, the wavelengths 2Xi and 2X2 of the pump light 
and erase light, respect ive^y7\do not overlap the fluorescence 

HO I 

band and so it is not necessary^emove the wavelength-overlapping 
fluorescence signal, unlike the prior art double- resonance 
absorption microscope. Consequently, signals in all the 
fluorescence bands can be measured wi thou daAvaste . Additionally, 
a photomultiplier that is cheap and easily available on the market 
can be used as the detector itself. 

For example, in the double- resonance absorption 
microscope disclosed in Japanese patent application No. 
97924/1998, many expensive and accurate optical elements such 
as a spectroscope and a notch filter are used to separate 
excitation light from the fluorescence signal. In addition, 
cumbersome operations have been required. That is, the 
spectroscope is combined with an ICCD camera, and the whole 
fluorescence spectrum is measured. Erase light and pump light 
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are removed on a computer . Moreover, the system of tKe^CCD camera 

arrtisthe spectroscope is quite expensive . This places^h4avy burden 

f^0(^ ) 

t/he user . 

On the other hand, where a time division measurement method 
as already described in connection with Fig. 37 is used, if the 
excitation light is mixed in, it can be completely cut off during 
measurement of fluorescence. Hence, the S/N can be improved 
greatly. 

As described thus far, the double-resonance absorption 
microscope in accordance with the present invention is simple 
in structure but can produce a fluorescence signal with quite 
high S/N and high signal intensity. 
Example 5 

The depth resolution of the double-resonance absorption 
microscope in accordance with the invention illustrated in Fig . 
36 is described, the depth resolution being taken in the direction 
of the optical axis. 

First, we quantitatively discuss what fluorescence 
intensity distribution is produced by a non- resonance two -photon 
excitation process using Eq. (17) above. It is assumed that 
fluorescence labeler molecules are spatially distributed 
uniformly in a space. Calculational conditions are listed in 
Table 1 below. 
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Table 1 



Numerical aperture of focusing 
optical system 


0.75 


Fluorescence labeler molecules 


Rhodamine 6G 


Qi-at-o r\'f H'lQTi^'r'Q'l on of ■fliiOTP^cence 

O L. CL l_» C \mf J. O C J_ O X X \j JL. A. ^ ^ c o V— • ^ ^ 

labeler molecules 


Uniform concentration 
staining 


Life of fluorescence of fluorescence 
labeler molecules 


3 [nsec] 


Absorption cross section Qoi (2X1) of 
fluorescence labeler molecules 


10'^° [cm^sec/photon] (1064nm) 


of fluorescence labeler molecules 


10'^° rem"* SGC /nhotonl (1197nm) 

\J ^ It 1 0 / XX\^ w V.^ A A J \ J» ^ r A Alii* / 


wavexeny en ot puiut' xj_yiii- 


1064 Fnml 


Wavelength of erase light 


1197 [nm] 


Pulse width of pump light and erase 
light 


30 [psec] 


Interval of pump light and erase light 




Fluorescence measurement method 


Time division measurement 
me unoQ 


Absorption cross sectionaoi (Xi) of one 
photon in So~*Si 


4x10"^^ [cm"^] (532nm) 


Absorption cross section 0^2 (^2) of 
one photon in 81—^82 


0.5x10'^^ [cm'^] (599nm) 


Stimulated emission cross sectiona2i 
(X2) of one photon in 82"^ Si 


0.5x10"^^ [cm'^] {599nm) 



Fig. 39 shows the fluorescence intensity distribution of 
the fluorescence from a sample by pumping light excitation at 
the focal plane, taken in the horizontal direction (X-axis 
direction). Fig. 40 shows .the fluorescence intensity 
distribution plotted against the distance from the origin (or, 
the focal point) in the Z-axis direction. In these figures, the 
solid- line curves indicate distributions where a non- resonance 
two-photon excitation process is used. The broken- line curves 
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indicate distributions where a' one-photon excitation process 
is used. The fluorescence intensity distributions were 
calculated using Eqs . (18) and (19). 

As can be seen from Figs. 3 9 and 40, the fluorescence 
intensity distribution in the case of^..a-^one-ph^^^ton excitation 
process iOnore concentrated in the Va :Ciiij: " Lies /of the optical 
axis thai *^the case of a non-resonance two-photon excitation 
process, because the excitation wavelength of the pump light 
is short. On the other hand, the fluorescence intensity 
distribution in the caseof anon-resonance two-photon excitation 
process is converged more quickly than in the case of a one-photon 
excitation process. At locations remote from the focal point, 
the intensity is zero. That is, in the non- resonance two-photon 
exci tationprocess , excited rhodamine GGmolecules are localized 
close to the focal point. Fluorescent light is emitted only from 
certain locations within the 3D space of the sample. This can 
impart three-dimensional resolution to the double-resonance 
absorption microscope. 

Fig. 41 shows examples of the probability of excitation 
Si S2 at the focal plane caused by the erase light where a 
one-photon excitation process and a non-resonance two-photon 
excitation process are used. If the erase light is shaped into 
a hollow beam and becomes a first-order Bessel Beam, the 
probability of excitation Si — > S2 can be calculated using Eq. 
(30) below. In Eq. (30) , a calculation is made on the assumption 
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that m = 1 . This probability of excitation Si — » S2 is in proportion 
to the first power of the intensity of the laser light in the 
case of a one-photon excitation process. The probability is in 
proportion to the square of the laser light intensity in the 
case of a two-photon excitation process. These probabilities 
obey Eqs. (18) and (19). 



Results of calculations indicate that the fluorescence 
is suppressed according to the spatial distribution shown in 
Fig. 41. Since it is assumed that the erase light is shaped into 
a hollow beam, the profile does not affect the depth resolution 
in the direction of the optical axis, whether the process is 
a one-photon excitation process or a non-resonance two-photon 
excitation process. However, the profile taken in the plane 
perpendicular to the optical axis affects the 2D resolution, 
because the profile is somewhat more widened in the case of the 
non-resonance two-photon excitation process and has a wider 
hollow region. 

Then, fluorescence intensity distributions are found when 
fluorescence is suppressed successfully, using the fluorescence 
suppression characteristic curve given by Eq. (27) and the beam 
profiles shown in Figs, 39, 40, and 41. Fig. 42 shows the 



z 



e ^ 





NA 



(30) 
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fluorescence intensity distribution in the horizontal direction 
(X-axis direction) within the focal plane near the focal point 
where a non-resonance two-photon excitation process is used. 
Fig. 43 shows the fluorescence intensity distribution in the 
direction of the optical axis (Z-axis direction) within the focal 
plane near the focal point where a non-resonance two-photon 
excitation process is used. Eq. (30) was used for calculations. 
It was assumed that the sample was stained with rhodamine 6G, 
the erase light had a wavelength of 1197 nm, and the photon flux 
was 10^^ photons/cm^/sec . 

Laser light having a pulse width of 30 psec is assumed. 
If the light is focused by an achromatic lens with NA = 0.75, 
the specification is roughly equal to 10 |LiJ/pulse. This light 
intensity is very weak and has a realistic value that can be 
sufficiently supplied from a commercially available laser. As 
can be seen from Fig. 42, the double-resonance absorption 
microscope built in accordance with the present invention and 
using a non- resonance two-photon excitation process achieves 
a fluorescence size of about X/20 where the wavelength of 1064 
nm of the pump light is taken as a unit . In other word's , a spatial 
resolution of 50 nm can be obtained by making use of infrared 
radiation. On the other hand. Fig. 4 3 shows the depth resolution 
in the direction of the optical axis . A depth resolution of about 

4X is derived. 

Fig, 44 shows spatial resolutions obtained by 
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Fourier- transforming the fluorescence intensity distributions 
calculated in Figs. 42 and 43 into a spatial frequency domain. 
As can be seen from Fig. 44, the present invention provides a 
depth resolution in the direction of the optical axis, which 
has not been attained by the priori art double -resonance 
absorption microscope. This corresponds to the fact that there 
exist frequency components along kl^ that is the optical axis. 

It can be understood from the description provided thus 
far that the double -resonance absorption microscope in 
accordance with the present invention and shown in Fig. 36 
provides a spatia^l resolution in the vertical direction (depth 
direction) l owing to a non-resonance two-photon excitation 
T^oc^ss , togetEer with super-resolution in the lateral direction 
o^ag/ to spatial overlapping of pump light and erase light . Where 
the phase plate 36 is withdrawably inserted in the optical path 
of the erase light, if only depth resolution is required in 
measurements of fluorescence signals, the phase plate 36 may 
be withdrawn. If 2D resolution is also required, the phase plate 
36 may be inserted. In this way, the mode of operation can be 
switched between these two modes of operation. 
Example 6 . 

In the double-resonance absorption microscope described 
previously in connection with Fig . 36 , a non-resonance two-photon 
excitation process is used for both excitation So Si (pump 
light) and excitation Si -> S2 (erase light) . In the present 
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invention, a non-resonance two-photon excitation process can 
be used for only one of excitation So — > Si and excitation Si 
^ S2. 

Fig. 45 shows a double-resonance absorption microscope 
in accordance with the present invention, the microscope being 
so) designed ) that a one-photon excitation process is used for 
excitation So Si and a non-resonance two-photon excitation 
process is used for excitation Si — > S2. This microscope shown 
in F^sr^ 45 con -s^itutes a laser scanning fluorescence microscope 

:j->i^>7»^m^Tny -1 r ]hhp> i n g t- Tiimfan ^ ghnwn i n Ft g 36. This micrOSCOpe 



can cause the regions irradiated with the pump light and the 
erase light, respectively, to overlap with each other. A 
non- resonance two-photon excitation process is used as a 
non-resonance m<iltip\oton excitation process. A samp^re 3114 is 
a biologicall otte sxained with rhodamine 6G ari^ ^act;^ as 
fluorescence labeler molecules. 

Accordingly, the pump light has a photon energy Eoi of 
about 2.33 eV and a wavelength Xi of about 532 nm. These are 
necessary for excitation S© — > Si in a normal one-photon excitation 
process . The erase light has a photon energy E12/2 of about 1 . 036 
eV and a wavelength 2X2 of about 1197 nm. These are necessary 
for excitation Si — > S2 in a non- resonance two-photon excitation 
process. "X 

First, pump lightl owing /to a one-photon excitation process 
is created by obtaining the fundamental wave (having a wavelength 
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of 1064 nm and a pulse width of 30 psec) of an NdrYAG laser 3101, 



splitting the wave by a half mirror 3102, passing one part of 
the wave through a KTP crystal 3103 to convert it to its double 
wave having a wavelength of 532 nm. This pump light is enlarged 
by a telescope 3104 and passed into a dichroic mirror 3111 acting 
as a beam combiner by a reflecting mirror 3105. 

The other part of the fundamental wave split by the half 
mirror 3102 passes through a Raman shifter 3106, producing a 
first-order Stokes line having a wavelength of 1197.4 nm. In 



excitation process is created. The Raman shifter 3106 is made 
of a crystal of Ba(N03)2 in the same manner as in the case of 
Fig . 36, and performs a wavelength conversion of incident light 
on the longer wavelength side (where expressed in terms of photon 
energy, on the lower energy side) with integral multiples of 
the resonance wave number 1047 cm'^ of the crystal lattice. This 
erase light is enlarged by the telescope 3107 and then shaped 
into a hollow beam by a phase plate 3108. 

Fig. 46(b) shows one example of the phase plate 3108 for 
wavelength 1197 nm. A cross section of this phase plate 3108 
is shown in Fig. 46(a) . A face of a glass substrate is divided 
into four regions on which magnesium fluoride is deposited. These 
regions have different film thicknesses of magnesium fluoride 
such that erase lightbeams passing through positions symmetrical 
with respect to the optical axis are shifted in phase by tt for 



this way, erase 




a non- resonance two-photon 
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wavelength of 1197 nm. As a result, erase light having an ideal 
hollow beam profile exhibiting zero intensity on the optical 
axis can be created. Preferably, the phase plate 3108 can be 
detachably inserted. Also, the erase light can be optionally 
shaped into a hollow beam. In the description given here, it 
is assumed that the erase light is shaped into a hollow beam 
to impart super- resolution in the lateral direction and that 
the hollow erase light beam is made to overlap pne part of the 
pump light. 

The erase light shaped into a hollow beam is directed into 
a dichroic mirror 3111by a reflecting mirror 3 109 . Anotch filter 
3110 is inserted in the optical path between the reflecting mirror 
3109 and the dichroic mirror 3111. As the erase light passes 
through this notch filter 3110, light of wavelength of 1064 nm 
that i s the fundamental wave of the Nd : YAG laser 3101 not converted 
by the Raman shifter 3106 is cut off. Consequently, only erase 
light having a wavelength of 1197 nm is extracted. 

Then, the pump light having a photon energy Eoi of about 
2.33 eV and a wavelength Xi of about 532 nm and the erase light 
having a photon energy E12/2 of about 1.036 eV and a wavelength 
2X2 of about 1197 nm are made coaxial by the dichroic mirror 
3111 and guided into the sample observation optical system. 

In Fig. 45, the KTP crystal 3103 is placed on the half 
mirror 3102 on the side of the optical path of the pump light. 
The erase light can also be created if the crystal is located 
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on the incident side of the half mirror 3102. In particular, 
some of the fundamental wave passed through the KTP crystal 3103 
is not converted into its double wave. If the laser intensity 
is sufficient, the fundamental wave not converted enters the 
Raman shifter 3106. In consequence, erase light having an 
intensity sufficient to induce excitation Si — > S2 can be created . 

The pump light and the hollow erase light that are made 
coaxial are brought onto the optical axis by the half mirror 

112 and focused onto the sample surface by the objective lens 

113 . 

In the present embodiment, an observational microscope 
optical system is (mo^^ sample 3114. Light 
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transmitted through the sample 3114 iar observed by a CCD camera 
3119 via lenses\3116a, 3116b for/the transmitted light. 

On the other hand, fluorescence emitted from the sample 
surface passes through the obj ective lens 3113 and the half mirror 
3112. This notch filter 3118 cuts the stray light from the pump 
light having a wavelength Xi of about 532 nm. Since the erase 
light has a wavelength of 2X2 and is not mixed into the fluorescence 
signal, it is not necessary to remove the fluorescence signal 
using a notch filter or the like. 

The fluorescent light from which the stray light from the 
pump light has been removed is focused onto the diameter of a 
pinhole 3120 by a focusing lens 3119, the pinhole being located 
at a confocal position. The light then passes through a pinhole 
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3123 and is separated according to wavelength by a spectroscope 
3121. Subsequently, the fluorescence spectrum is directly taken 
by an ICCD camera 3122. 

The fluorescence signal has excellent 2D resolution 
to overlapping irradiation of the pump light and the hollow erase 
beamlight. Inaddition, the non- resonance two-photon excitation 
process regarding the erase light gives excellent depth 
resolution. Of course, neither pump light nor the erase light 
is mixed as background light into the fluorescence signal and, 
therefore, the S/N is quite high. 

This fluorescence signal can be converted into a 3D image 
using a computer (not shown) , for example, in the manner described 
below. 

A three-dimensional motion stage 3115 on which a sample 
is carried is scanned in two dimensions within a plane 
perpendicular to the optical axes of the pump light and erase 
light. At the same time, the stage is moved linearly in the 
direction of the optical axis . The fluorescence signal from each 
scan point is supplied into the computer from the ICCD camera 
3122. A three-dimensional fluorescence image of the sample 3114 
is obtained by imaging data about each fluorescence signal by 
computer graphics. In particular, the computer drives a 
controller (not shown) for an Nd:YAG laser 3101 acting as a 
fundamental light source to control the timing of laser 
oscillation. At the same time, the computer controls the 
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three-dimensional motion stage 3115 to scan the sample 3114 in 
synchronism with the timing of the laser oscillation . Similarly, 
data about fluorescence spectral signals from the sample 3114 
is supplied from the ICCD camera 3122 in synchronism with the 
timing of the laser oscillation. 

Since the pulse width of 30 psec of the pump light and 
erase light is much shorter than the life3nsecof the fluorescence 
from rhodamine 6G, the gating of the measurement time of the 
ICCD camera 3122 and the optical path length of the Nd:YAG laser 
3101 can be adjusted by making use of the aforementioned time 
division measurement method. Using the timing illustrated in 
Fig. 37, tp is the pulse width 30 psec of the pump light, te 
is the pulse width 30 psec of the erase light, and tg is the 
pulse width of a gating pulse for measurement of the ICCD camera 
3122. Consequently, if a trace amount of pump light or erase 
light should be mixed into the fluorescence signal, it can be 
prevented from being introduced into the ICCD camera 3122 during 
fluorescence measurement. This can improve the S/N further. 

Where this time division measurement method is used, the 
structure may be simplified by removing the notch filter 3118. 
Of course, where emphasis is placed on the S/N rather than on 
the optical system configuration, the time division measurement 
method can also be used without removing tlie notch filter 3118. 

( A ) 

The example of Fig. 45 is based bn^mefchanical scan of the 
three-dimensional motion stage 3115. Of course, the laser beam 
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itself can be scanned using a galvano mirror for swinging the 
half mirror 3111. 

The double- resonance absorption microscope in accordance 
with the present embodiment described thus far is|^soJde signed^ 
that a one-photon excitation process is used for excitation So 
— ^ Si and a non-resonance two-photon excitation process is used 
for excitation Si — > S2. Conversely, advantages similar to those 
described above can be accomplished using a structure where a 
non-resonance two-photon excitation process and a one-photon 
excitation process are used for excitation So — > Si and excitation 
Si — > S2, respectively. In this case, with respect to the pump 
light, the KTP crystal 3103 in the optical path of the pump light 
is removed. The fundamental wave 1064 nm (= 2Xi) of the Nd:YAG 
laser 3101 is used as pump light intact. With respect to the 
erase light, the KTP crystal 3103 is inserted in the optical 
path of the erase light on the incident side of the Raman shifter 
3106. The fundamental wave 1064 nm is converted into its double 
wave 532 nm by the KTP crystal 3103. The second-order Stokes 
line having a wavelength of 599 nm (= X2) is produced from the 
double wave 532 nm by the Raman shifter 3106. This line is used 
as the erase light. A phase plate as shown in Fig. 46(c) and 
corresponding to wavelength 599 nm is used as the phase plate 
3108. The erase light of 599 nm becomes an ideal hollow beam. 
A notch filter capable of cutting stray light from the erase 
light of 599 nm is used as the notch filter 3118. 
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It is to be noted that the present invention is not limited 
to the embodiments described thus far. Rather, various changes 
and modifications are possible. For example, in the embodiments 
described thus far, a sample is stained with rhodamine 6G as 
a typical example of fluorescence labeler molecules. Similar 
advantages, i.e., improved S/N and 3D spatial resolution, can 
be attainedoy u^ing other f luorescencerTa^eler molecules . Pump 
light havinl^^r^uA^^ photon energy an^^^^j^qu-ir^ wavelength and 
erase light having^eaui red photon energy arm^t^ui red wave length 
may be generatedusing wavelength-variable OPA, OPO, orOPG laser 
system utilizing nonlinear elec trooptical effects according to 
the fluorescence labeler molecules. 

As described in detail thus far, the present invention 
can offer a novel double-resonance absorption microscope which 
is capable of suppressing deterioration of S/N due to mixing 
of excitation light into the fluorescence signal and which has 
excellent three-dimensional spatial resolution. 
[IX. b] Another novel Double-Resonance-Absorption Microscope 
having a superb three-dimensional space resolution 

In order to achieve a three-dimensional spatial resolution, 
a double-resonance-absorptionmicroscope in accordance with the 
invention of the present application comprises at least a light 
source for a pump light of a wavelength Xi which excites a sample 
molecule to a first electronic excited state of a singlet state 
from a ground state, either or both of a light source for a probe 
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light of a wavelength X2 which excites the sample molecule to 
a second electronic excited state or a higher excited state of 
a singlet state from the first electronic excited stat^^d a 
light source for a probe light of a wavelength X3 which excites 
the sample molecule, transited to a triplet level lower in energy 
than the first electronic excited state from the first electronic 



excited stat0^, to/armgher exci ted^iplet level from the triplet 
1^v4Ia) ™S overlap meai»^forL_o:!/-et lapping a part or all of 
vi/radiating areas of the pump light and the probe light with 
each otheiJ^wher-eMi^ sample is irradia^Ered witliv the pump light 
and the probe light through the overlaK^^^ft:g^and a transient 
Raman scattering light emitted from the irradiating areas of 
both lights is detected by using a double- resonance absorption 
process for the pump light and the probe light and a transient 
Raman scattering process in combination. 

An ordinary transient Raman scattering light in a 
transition from a second electronic excited state of a singlet 
state and a transient Raman scattering light in a transition 
from an excited triplet level via a triplet level are available 
as transient Raman scattering lights to be detected and observed 
by this double-resonance-absorption microscope . The former is 
called a singlet transient Raman scattering light and the latter 
is called a triplet transient Raman scattering light to 
facilitate explanation. Each case will be described below. 
Furthermore, the probe light of the wavelength X2 in the case 



level of the S2 state and the high-order vibrational level Ef 
of the Si state are scattered from the sample molecule in the 
S2 state . A light scattered in this process is called a transient 
Raman scattering light. This process can be called a kind of 
resonance Raman scattering process, and the sectional area of 
the scattering light is very large. 

When this transient Raman scattering light is detected, 
fluorescence making a transition from the S2 state to the Si 
state, serving as a background signal , is very unlikely generated 
A resonance Raman light from the transient state is observed 
in a waveband to which attention is paid. In other words, only 
the transient Raman scattering light is observed. In addition, 
when the sample molecule in the ground state is excited to the 
Si state by the pump light, intense fluorescence emits from the 
Si state in the case of a usual sample molecule. However, since 
the wave range of the fluorescence is far shorter than the wave 
band wherein the transient Raman scattering light is observed, 
it is possible to separate and extract only the transient Raman 
scattering light by using a simple sharp-cut filter. 
Furthermore, because of the double- resonance absorption process 
by irradiation of the two wavelength lights (the pump light and 
the singlet probe light) , the transient Raman scattering light 
is limited by the two wavelength lights. As a result, the 
chemical composition of the sample can be identified accurately. 
Moreover, in the transient Raman scattering process, only the 
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light having a specific electric- field vector with respect to 
a molecular axis responds intensively. For this reason, when 
the transient Raman scattering light is measured while the 
polarization directions of the pump light and the singlet probe 
light are determined, it is possible to identify the orientation 
direction of the molecule. , 
[IX,b-2] Triplet Transient Raman Scattering Light 

Next, the double - resonance-absorption microscope of the 
present invention can detect even a transient Raman scattering 
light based on a triplet level having energy lower than that 
of the first electronic excited state of the singlet state. FIG. 
48 is a conceptual view illustrating the triplet transient Raman 
scattering light. 

When a sample molecule in the ground state So is excited 
to the Si state by a pump light of a wavelength Xi, the excited 
sample molecule deexcitates to the ground state in a fluorescence 
process. On the other hand, the excited sample molecule also 
makes a transition to the triplet level Ti (= energy Eti) having 
energy lower than that in the singlet first electronic excited 
state Si at a high probability as shown in FIG. 48 . This triplet 
level Ti has a spin multiplicity different from that in the ground 
state So, and optical transition is inhibited, thereby becoming 
the so-called spin forbidden transition. For this reason, the 
lifetime of the triplet level Ti is very long, that is, a lifetime 
on the order of ju seconds in many cases. In addition, the 
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probability of the fluorescence process from the triplet level 
T2 (= energy Et2) higher than the triplet level Ti in energy is 
very low . By using this , the sample molecule in the ground state 
So is excited to the Si state by the irradiation of the pump 
light. After a fluorescence emission process (for example, 
after several nseconds, depending on the sample molecule) , by 
the irradiation of a triplet probe light of a wavelength of X3 
corresponding to the difference in energy (Et2 - Eti) between 
the triplet level Ti and the triplet level T2 (hereinafter called 
an excited triplet level) higher than the triplet level Ti, the 
sample molecule having made a transition to the triplet level 
Ti is exited to the excited triplet level T2 . This generates 
a transient Raman scattering light of a wavelength X5 (= a 
wavelength corresponding to Et2 - ^n) * making a transition from 
a specific vibrational level of the excited triplet level T2 
to the higher vibrational level ETf of the triplet level Ti . Since 
no fluorescence is generated from the excited triplet level T2, 
the transient Raman scattering light can be detected and observed 
at a very high S/N ratio. 

[IX.b-3] Plane Resolution and Three-Dimension Resolution by 
Detection of Transient Raman Scattering Light 

The above-mentioned transient Raman scat tering^i^iTgEE"^ 

(lights in the singlet and triplet states are generally' ^ lied 
in this way to simplify explanation) is generated from only an 
area of a sample wherein the pump light of the wavelength Xi 
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and the singlet probe light of the wavelength X2 or the triplet 
probe light of the wavelength X3 are overlapped spatially with 
each other. For example, as shown in FIG. 49, when the pump 



light and the probe LirgiTts.(lightg/ in the singlet and triplet 
states are general ly\c3^©^in this way to simplify explanation) 
are condensedat a d>f fraction limit , the overlapping irradiating 
areas of both ligtit^r^re^ubs tantially limited to one condensed 
spot area . The observation resolution thus obtained can be made 
higher than the diffraction limits of the emitted lights. FIG. 
49 shows the beam profiles of the pump light and the probe light 
condensed on the face of the sample. In the figure, 0.61 x Xi/NA 
and 0.61 x X2/NA are the condensing radii of the pump light and 
the probe light on the basis of Rayleigh's limit and correspond 
to the diffraction limits. - 

Hence, by the irradiation of the pump light and the probe 
light overlapped with each other and by narrowing the overlapped 
area, the detection of a transient Raman scattering light by 
using the double -resonance absorption process can be achieved 
at an excellent plane resolution higher than the diffraction 
limits of beams. An area wherein a transient Raman scattering 
light is generated in this way is herein called a Raman active 
area. In the conventional double-respnance-absorption 

microscope for detecti^fag^ fluorescence, the area (fluorescence 
area Ao) wherein the li^t^^of^o wavelengths are not overlapped 
with each other is a fluorescence emission area, i.e., an 
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observation area, as shown in the above-mentioned FIG. 6. In 
the double- resonance-absorption microscope in accordance with 
the invention of the present application, however, the 
overlapping area of the pump light and the probe light is a Raman 
active area, i.e., an observation area. 

When explained more quantitatively, since the transient 
Raman scattering light is generated from the Raman active area 
limited by the pump light and the probe light, the Raman active 
area is localized on the optical axis. For example, as shown 
in FIG. 50, the pump light of the wavelength Xi and the probe 
light of the wavelength X2 (explanation is given in the case 
of the wavelength X2 to simplify explanation although the same 
explanation is applicable to the case of the wavelength X3) are 
combined coaxially by a half mirror arid cbndensed on the face 
of the sample by an aplanatic lens ^ffiti^n^merical aperture NA. 
In this case, according to an image formation theory using wave 
optics, the energy intensity profiles on the x-y focal surfaces 
of the pump light and the probe light condensed on the face of 
the sample are given by the following Eq . 31 and Eq. 32, 
respectively. 




2 




(Eq.31) 
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2E,,J,(2;r4^J 




(Eq.32) 



where Ji(27t^i) and Ji (271^2) designate linear Bessel 
functions , and Exi and Ex2 designate the intensities of the electric 
fields of the pump light and the probe light. 

Generally, when the intensity Im (x, y) of the pump light 
is low, the number of molecules ni to be excited from the ground 
state So to the Si state is proportional to Im (x, y) . On the 
other hand, the intensity of the transient Raman scattering light 
is also proportional to 1x2 (x, y) of the probe light. As a result, 
the intensity Isignai (x, y) of the scattering light generated 
in the transient Raman scattering process is expressed as follows 
by using a certain constant of proportion C. 



As being obvious from Eq. 33, the Raman active area on the surface 
of the sample is limited to an area wherein the number of molecules 




2 



is proportional to the second power of the linear Bessel function 
and inversely proportional to the fourth power of r ; r = (x^+y^) ^^'^ 
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the distance from the intersection of the focal plane and 
the optical axis . In accordance with the conventional and known 
fluorescence microscope and the Raman spectroscopy method, a 
signal light emitting area is determined by the diffraction limit 
equation Eg. 31 for the pump light. When the equation Eq. 33 
is compared with the equation Eq. 31. the signal light emitting 
area in Eq. 33 i s (narrwer/obvious 1^. This indicates that the 
sample can be observed at a plane resolution exceeding the 
diffraction limit. It is thus possible to achieve a 
super-resolution even in the case of detecting a transient Raman 
scattering light. 

FIG. 51 shows the standardized profiles of the intensity 
Ixi(x. y) of the pump light, the intensity 1x2 (x. y) of the probe 
light and the intensity Isignai (x. y) of the transient Raman 
scattering light. Referring to FIG. 51, it is also found that 
the profile of the intensity Isignai (x. y) of the transient Raman 
scattering light around the optical axis is narrower than the 
profile of the Ixi(x, y) of the pump light and the profile of 
the intensity 1x2 (x, y) of the probe light. It is thus possible 
to confirm that a plane resolution at a super-resolution level 
has been achieved by the transient Raman scattering process. 

Furthermore, the double-resonance-absorption microscope 
in accordance with the invention of the present application, 
which is intended to detect a transient Raman scattering light, 
can also achieve a resolution in the direction of the optical 
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axis, i.e., a three-dimensional resolution. For example, as 
described clearly in "O puis E, No. 213, pl07-116, by Kunio 
Tsuruta, " (im — tire — ea^&^ when the number of' molecules being 
proportional to the second power of the linear Bessel function 
and inversely proportional to the fourth power of r are present 
just as with the intensity distribution Isignai (x, y) of the 
light-responding area expressed by Eq. 33, a light- responding 
area is also localized in the direction of the optical axis, 
thereby having a vertical resolution, i.e., a three-dimensional 
spatial resolution. In reality, Eq. 33 has the same type of 
function as that of the point image intensity distribution 
function of a cofocal laser- scanning microscope with a pinhole 
in the front face of its device for receiving a detected light 
(seeOpulsE, No. 213, pl07-116, by Kunio Tsuruta) . The equation 
thus indicates quantitatively that a light-responding area in 
the sample is also localized in the direction of the optical 
axis . 

When the wave optics theory is used on the assumption that 
the number of molecules excited from the ground state So to the 
Si state is proportional to the intensity of the pump light and 
that the intensity of the transient Raman scattering light is 
also proportional to the intensity of the probe light, the 
light-responding area can be calculated three-dimensionally as 
described below. 

First, when a laser beam ot a wavelength of X is condensed 
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by an aplanatic lens wi tlh^nymerical aperture NA, a micro-beam 
having a three-dimensional electric field distribution furrction 

/V 

f (x, y, 2) given by the following Eq. 34 is f ormed( s^escit/ the 
focus . 



f(x, y,z) = JJe 



2f 



{en') -i^(xf+yf,) 



NA 



(Eq.34) 

where O represent the coordinates of a pupil face, 

and f represents a focal length. Hence, the intensity profiles 
of the pump light of the wavelength Xi and the probe light of 
the wavelength X2 are given by the following Eq. 35 and Eq. 36, 
respectively. 



i;ii(x,y,z) = 



NA 



i;i2(x, y,z) = 



NA 



2f 



(Eq.35) 
-l2 



(Eq.36) 

By using the fact that the number of the molecules to be 
excited from the ground state So to the Si state is proportional 
to the intensity of the pump light and that intensity of the 
Raman scattering light is also proportional to the intensity 
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of the probe light, the three-dimensional intensity Isignai (x, 
y, z) of the scattering light generated in the transient Raman 
scattering process is expressed as follows by using a certain 
constant of proportion C. 



Isignai (x,y,z)=C 



JJe e d&iC 

NA 



JJ' 

NA 



2f 



A2 



(Eq.37) 

When the calculated Isignai (x, y, z) is Fourier- transformed in 
a frequency space, a three-dimensional OTF : Ssignai (^x* ky, kz) , 
which is a physical quantity given by the following equation 
and being observable in reality, is obtained. 

S.,„,{k.k„kJ=J|Jl.,„,(x,y,z>^''"-^'-^-'dxdydz 

(Eq.38) 

Furthermore, when Eq. 35 is Fourier- transformed in a 
similar way, a three-dimensional OTF: Susuai' (kx/ ky, kz) for a 
usual fluorescence microscope, given by the following equation, 
is obtained. 

S„..,(k,,k„kJ= JJJl,,(x.y,z>^«^--'""^-'dxdydz 



(Eg. 39) 
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where kx , ky and kz are wave vec tor components for the exci ted 
light of the wavelength Xi . Assuming that the pupil face is 
symmetrical with respect to the optical axis, when a parameter 
of r = (x^ + y^) is introduced, and when the space distribution 
section of (klr, klz) in the case of a usual single photon 
excitation process and the space distribution section of (k2r, 
k2z) in the case of a transient Raman scattering process are 
calculated by using Eq. 38 and Eq. 39, the space distribution 
sections are obtained as shown in FIGS . 52Aand52B, for example. 
FIGS. 52A and 52B show resolutions in the cases of the single 
photon excitation process and the transient Raman scattering 
process, respectively. In FIGS. 52A and 52B, klr and k2r are 
wave vector components in the radial direction from the optical 
axis. 

Referring to FIGS. 52A and 523, the upper limit k^ax and 
the lower limit k^in of the space frequency band in the radial 
direction are expressed as follows by using the numerical 
aperture NA of the optical system in both cases of the usual 
single photon excitation process and the transient Raman 
scattering process . 

^max ~ ~^min ^ , (Eq.40) 

This indicates that the upper and lower limits of the spatial 
resolution in the transverse direction have an identical value. 
However, a significant difference is found in the resolution 



in the direction of the optical axis. In other words, in the 
usual single photon excitation process, no value is present in 
the klz axis direction including the origin, and no resolution 
is present at all in the direction of the optical axis. On the 
other hand, in the transient Raman scattering process, a value 
is present as expressed below even in the direction of the optical 
axis k2z. 



It is thus found that a resolution in the so-calleddepth direction 
is present. When examined physically, this corresponds to the 
fact that the optically active area in the transient Raman 
scattering process is localized in a very narrow spatial area 
as indicated in Eq. 37 . As a result, in the 

double-resonance-absorption microscope in accordance with the 
invention of the present application, it is possible to achieve 
an excellent three-dimensional spatial resolution by using the 
transient Raman scattering process. 



[IX.b-4] Sample Analysis 

Furthermore, in the invention of the present application, 
a transient Raman scattering light is measured while changing 
the intervals of the time of the irradiation of the pump light 
and the probe light to a sample, and while changing the 
polarization states, wavelengths or intensities of both the 
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(Eq.41) 



143 



lights, independently of one another. By this measurement, it 
is possible to obtain detailed information regarding the sample, 
such as the chemical change of a specific molecule in the sample 
with the pas&ctge of time and the structural change of the specific 
molecule losa^ag Jto irradiation with the pump light 

As described above, in the^double-nesonance-absorption 



microscope in accordance with khe ^nv^tion ^f ^th^ ^^^^^e&exLt^ 
a^^1rrM=&i'M , by using the double- resonance absorption process 
and the transient Raman scattering process in combination, the 
plane resolution in the transverse direction and the resolution 
in the depth direction of the optical axis direction can have 
super - resolutions exceeding the diffraction limit of the emitted 
light, and detailed sample analysis is also made possible. 
Example 7 

FIG. 53 is a schematic view showing an embodiment of the 
double-resonance-absorption microscope in accordance with the 
invention of the present application. 

In this embodiment, a picosecond Nd: YAG laser 41 

is provided as a basic light source. By changing the wavelength 
of its basic wave using a KDP crystal 42, higher hartnonics, such 
as 532 nm, 355 nm, 266 nm, etc. are generated by oscilla/kTibn . 
By using an optical parametric generator 45, these light^^ are/ 
converted so as to have a wavelength Xi wherein a sample molecule 
to be observed can be excited from So to Si, and the light thus 
obtained is used as a pump light. 
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Furthermore, a part of the double harmonic is taken out 
via a half mirror 43, and enters another optical parametric 
generator 46 via a half mirror 44. The light is then converted 
so as to have a wavelength ;(^w^erein the sample molecule can 
be excited from Si to ^pa^r a wave^.^f55*tK"^'>^^\^ the sample 

molecule can be excited from Ti to T^aft^Xhe /Light thus obtained 
is used as a singlet probe light or a-tr±^et probe light. The 
probe light is optically delayed by a delay optical system 47 
to obtain an appropriate time difference between the probe light 
and the pulse pump light . The time difference can be controlled 
easily by the parallel translation of a prism 471 mounted on 
the delay-Qtptical system 47 . More specifically, by the optical 
delay bw^anftg/ to the optical path control of the delay optical 




system 47 serving as an irradiation time control means, the 
singlet probe light of the wavelength X2 is emitted to reach 
the face of the sample before the sample molecule makes a 
transition from the first electronic excited state Si of the 
singlet state to the triplet level Ti after the irradiation of 
the pump light. On the other hand, after the irradiation of 
the pump light, the triplet probe light of the wavelength X3 
is emitted to reach the face of the sample after the sample molecule 
makes a transition from the first electronic excited state Si 
of the singlet state to the triplet level Ti . 

The probe light, the irradiation time of which is 
controlled as described above, enters a dichroic mirror 411 via 
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a polarizer 49 and a swaying mirror 410 on its optical path. 
The pump light enters the dl^hsroic mijrfdr 4iVl via a polarizer 
48 on its optical path. Botlh''the lignt^ takfe the same optical 
path by virtue of the dichroic mirror 411. The polarizers 48 
and 49 serving as polarized state changing means can freely rotate 
around the polarization planes of the pump light and the probe 
light. 

Furthermore, by controlling the optical path of the probe 
light with respect to the pump light by using the swaying mirror 
410 sertving ps an overlap means, the irradiating areas of the 
ligAt^ *^can/be overlapped partially with each other on the 
condensing plane as shown in the above-mentioned FIG. 49. The 
irradiating areas of the lights may be overlapped entirely as 
a matter of course. However, in order to have a higher plane 
resolution as described above, it is desired that the irradiating 
areas should be overlapped partially and that the overlapped 
area should be made smaller. 

The pump light and the probe light, the irradiating areas 
and time periods of which are controlled as described above, 
are formed by a relay lens 412, enter a half mirror 413, pass 
through an objective lens 414, and condense on a sample 415. 
The sample 415 is mounted on a sample scanning stage 416. 

When the singlet probe light is emitted after the 
irradiation of the pump light as described above, a singlet 
transient Raman scattering light is generated from the sample 
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415 . When the triplet probe light is emitted, a triplet transient 
Raman scattering light is generated from the sample 415. 

The transient Raman scattering light passes through the 
half mirror. 413, is reflected by a half mirror 417 and enters 
a detecting optical system. The detecting optical system of 
this embodiment comprises a polarizer 418, a lens 419, a pinhole 
420, a lens 421, a transmission diffraction grating 422 and an 
ICCD camera 423. In this case, the transient Raman scattering 
light condenses at the center of the pinhole 420 by the lens 
419 via the polarizer 418, and enters the ICCD camera 423 having 
high sensitivity and based on a photoelectric conversion 
principle by using the lens 421 via the transmission diffraction 
grating 422 . The pinhole 420 funct.r©ns as a spat^l filter and 
removes fluorescence and the likeVg eneia ting farom /the optical 
system and the like other than the sample 415, thereby being 
capable of raising the S/N rat io of the measurement . Furthermore , 
since the transmission diffraction grating 422 functions as a 
spectrum meter, the optical system can measure not only the 
transient Raman scattering light but also Raman spectra and time 
response for laser irradiation. It is thus possible to analyze 
the chemical structure and composition of the sample 415, 
Moreover, by relatively changing the polarization planes of the 
pump light and the probe light by using the polarizers 48 and 
49, the space orientation information regarding the composition 
of the sample 415 can also be obtained. 
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As described above, the double-resonance-absorption 
microscope shown in FIG. 53 thus achieves a super- resolution 
microscope of a high- functional analysis type having excellent 
plane and three-dimensional resolutions by measuring a transient 
Raman scattering light. 

FIG. 54 is a schematic block diagram showing an example 
of an electrical system for controlling the 
double- resonance-absorption microscope shown in FIG. 53. A 
whole microscope system including the 

double- resonance -absorption microscope is basically controlled 

by a computer 4101. 

First, the computer 4101 controls the oscillation of an 
Nd: YAG laser 41 and controls the drive of the sample scanning 
stage 416 for the sample 415. The timing of the system wholly 
conforms to the clock signal of the computer 4101. The clock 
signal is divided by a frequency divider 4102 into a frequency 
at which laser oscillation is possible. Furthermore, the 
frequency-divided clock signal is delayed and wave-shaped by 
a gate & delay generator 4103 to obtain a Q switch signal for 
laser control. The obtained signal controls the Nd: YAG laser 
41. 

A transient Raman scattering light at each laser shot is 
monitored by the CCD array 4104 of the ICCD camera 423. More 
specifically, the transient Raman scattering light emitted from 
the sample 415 by a laser shot is subjected to spectroscopic 
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processing by the transmission diffraction grating 422 and 
detected as a Raman spectrum by the CCD array 4104 . The storage 
data of each pixel of the CCD array 4104 is transferred to the 
memory of the computer 4101 at each laser shot in synchronization 
wi th the movement of the sample scanning stage 416 and the emission 
of the laser. By numerical operation by the computer 4101 , only 
the data of the wavelength of a specific Raman scattering light 
is extracted from the Raman spectrum data stored in the memory 
(not shown) of the computer 4101, and the two-dimensional 
scanning image of the sample 415 is formed. 

By analyzing the two-dimensional scanning image with 
respect to each of the measured wavelengths as described above, 
not only the image bseiftg ho the transient Raman scattering light 
cajx;be"ob^tained, but also the Raman spectrum can also be measured^^ 
w h e r e by the two-dimensional composition analysis of the sample 
415 can be carried out in a diversified manner. The 
two-dimensional scanning image data, analysis data and the like 
arestoredinastoragemeans (not shown) , and output to an external 
output means, such as a display 4105 and a printer 4106. 
Example 8 

An example of a molecule wherein a singlet transient Raman 
scattering light and a triplet transient Raman scattering light 
can be observed properly will be introduced herein. 

In paratetraphenyl having three benzene rings connected 
in series, for example, an absorption band from So to Si is present 
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tered at a wavelength of 300 nm, and a transient absorption 
band from Si to S2 expands around 500 nm. The transient Raman 
scattering spectra of its C-CH group and the like are developed 
on the long wavelength side from 500 nm. 

Furthermore, in each derivative of 5-dibenzosuberene, its 
absorption band from So to Si is present around a wavelength of 
280 nm, and the transient absorption band from Si to S2 expands 
around 6 00 nm. The molecule is obtained in a high yield of several 
tens of percent or more, and its level shifts to the lowest triplet 
level Ti , A transient absorption band is present from the lowest 
triplet level Ti to a higher triplet level near 420 nm. Since 
fluorescence is not emitted at all after absorption in the 
transient absorption band, it is possible to detect a transient 
Raman scattering light at an excellent S/N ratio. In addition, 
the transition from the Si state to the lowest triplet level 
Ti takes a time of several ^i seconds. The time interval between 
the pump light and the probe light can be made large. Hence, 
the Raman scattering light can be separated easily from the pump 
light, and the S/N ratio can be raised further. 

The above description is also applicable similarly to each 
flavoprotein molecule in flavin nucleotide, an interesting 
compound in biology . It is thus possible to fractionate Chemical 
groups, such as C=C, C=0, CH2-, CHOH- and CN- . 

In the double-resonance-absorption microscope in 
accordance with the present invention, a sample molecule to be 
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excited(Ls-=*»s«ed?=4»^ a cation from the viewpoint of highly 
accurate measurement or the like of a transient Raman scattering 

As described above in detail , tt^e invention fil Lhb! y 




provides a completely novel 

double-resonance-absorption microscope capable of achieving 
plane and three-dimensional resolutions at a super-resolution 
exceeding the diffraction limit of an emitted ligh|^^d also 
capable of performing accurate sample analysis. 
[X] A novel Fluorescence Correlation Method 

„ovel fluorescence correlation method in accordance with 

1 ) ^ ■ — -.^^ ..^^ 

tbe invention ^thg pres-ont applicat iotj/Will be described below . 

A conventional fluorescence correlation method capable 

o£._^rf o'rrnrng'TiTT^ molecule level 

Ka5 ilp<(h<i ^ ^^f^^ 

.^:s= a-jaat iiod haviiiu ii^ ' ^m urnrl ^ 1 'n .p f n f i . i^yi i^f^ perform analysis 




regarding the diffusion movement of particles, such as Brownian 
movement. For example, it is assumed that a narrow laser 
excitation beam is applied to a dilute solution of fluorescence 
molecules to measure the intensity of fluorescence for a long 
time. The intensity of fluorescence is proportional to N: the 
number of fluorescence molecules in a measurement area. Hence, 
the magnitude of a fluctuation becomes (1/N)^^^ when expressed 
in terms of S/N. 

The fluorescence correlation method is a method for 
measuring the magnitude of a small fluctuation of fluorescence 
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and time correlation described later. A time during which a 
fluorescence correlation function is halved, that is, a 
correlation time lo/ is expressed by the following equation. 

^0 " (Eq.42) 

In Eq. 42, D is a translation diffusion coefficient of 
a fluorescence molecule, and W is the radius of a laser beam 
at the time when the intensity distribution function of the laser 
beam in the radial direction is a Gaussian distribution. 
Physically, the Tq corresponds to a time during which the 
fluorescence molecule crosses a laser beam l^w-iftgyto diffusion. 

At the time of measuring the fluctuation of fluorescence, 
the output current f (t) of a photomul tiplier tube is measured. 
In the case when a laser beam is not extremely large, the amount 
of fluorescence is proportional to f ( t)^----SEn reality, obtaining 
a fluorescence correlation function issi^^Wother than obtaining 
a correlation function regarding time with respect to f ( t) . This 
correlation function, G(x), is expressed by the following 



equation : 



rf(t)f(t + r)dt 

gW= V^-^ — - 

Jo f 



(Eq.43) 



If the intensity of the laser has a distribution close 
to a Gaussian distribution, the equation can be simplified as 
follows: 



152 



Furthermore, the fluorescence correlation method is used 
to measure a physical quantity for obtaining the translation 
diffusion coefficient (DinEq. 42) of the fluorescence molecule 
as described above. However, the method can basically measure 
any quantity by using the same principle, provided that the 
quantity is a thermodynamic quantity causing a fluctuation of 
fluorescence . 

For example, whena f luorescencemolecule flows and crosses 

a laser beam, a fluctuation of fluorescence is observed. In 

i 

addition, when a fluorescence molecule combines with other 
molecules by a chemical reaction or the like, the velocity of 
the molecule can be observed as a fluctuation. In other words, 
the progress of the chemical reaction can be known in real time. 
Furthermore, the rotation motion of a molecule can also be 
measuredby.polarization analysis . It is obvious that the number 
of molecules present in an observation area can also be measured 
directly from the intensity of G(t). More specifically, for 
example, as^ ^own-in -^G . 55, a fluctuation function f(t) within 
a specif icv m e aourcmcnt /time during which an expected fluctuation 
phenomenon is completed is measured, and a correlation function 
should be obtained by using the above-mentioned Eq . 43 on the 
basis of the measured f (t) . Generally speaking, fluorescence 
correlation analysis for pigment molecules by using a continuous 
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oscillation argon or krypton laser has become mainstream as an 
excitation light source. 

FIG. 56 shows a typical example of a system for fluorescence 
correlation analysis by using the fluorescence correlation 
method . The system shown in FIG . 56 uses a continuous oscillation 
laser 5201, such as an argon laser, as an excitation light. The 
laser beam is condensed by a lens 5203 so that an observation 
sample solution 5202 including a fluorescent dye is irradiated. 
Fluorescence is subjected to collimation by a lens 5203, folded 
by a beam split mirror 5204 and condensed again by a lens 5205. 
The condensed fluorescence passes through a pinhole 52 06 and 
is detected by a detector 5207, such as a photomul tiplier tube 
or a CCD. The detected fluorescence is output as a current. 
The current is amplified by a preamplifier 5208 and converted 
into digital data by an analog-digital converter 5209. In the 
end, the digital fluorescence signal is stored in the memory 
of a computer 5210 as time-series data. Inside the computer 
5210, correlation function G (t ) is calculated in accordance with 
Eq. 43. ; 

However, the conventional fluorescence correlation 
method has the following problems in actual practice. 

iTt-^thor wor^fe^^ conventional fluorescence correlation 



the un< 

continuously with time used as a function withinl a motnrCHii >='iU4=»^ 



method is based on trre understanding that fluorescen ce changes 



time. On Che other hand, in the case of a measurement system 
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using a high-repetition pulse laser as an excitation light source, 
the emission of the excitation light becomes intermittent as 
shown in FIG. 57, for example. As a result, a fluorescence signal 
is observed as an intermittent pulse wave. For this reason, 
the conventional fluorescence correlation method cannot be used. 

More specifically, in the case whenahigh-repetition pulse 
laser is used as an excitation light source, there is a time 
period toff during which no excitation pulse is present and no 
fluorescence signal is present as shown in FIG. 57. In this 
time period, signal components having no relation to the 
fluctuation of a fluorescence molecule, such as just noise from 
detectors or extraneous stray light, are observed. If a 
fluorescence correlation is obtained from Eq, 43 at this time, 
integration is carried out while such signal components having 
no relation to a fluorescence phenomenon remain included. In 
an extreme case, if the time period ton of fluorescence emission 
is shorter than toff, a fluorescence correlation function 
indicating the fluctuations of the dark currents of detectors, 
such as a photomultiplier tube, is measured, ins tead of measuring 
a fluorescence correlation function indicating the fluctuation 
of the fluorescence molecule . For this reason, the conventional 
fluorescence correlation method is not applicable to a system 
wherein a pulse laser is used/as>an excitation light source. 



double- resonance-absorption microscope in accordance with the 



Furthermore , 



in 




bove- mentioned 



novel 
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.ioati og) 



t ion p^g^e^ ht^ pr^tjHJ r b - applioati ory as--well as^he conventional 




le- res onance -a bsorption microscc^je^Dy^^ttte inventor of the 
t ion j-' '-^-^n I J | ^uXir^:^H.4^j g^, a pulse laser is frequently 



ent 

used as an excitation light source. Hence, the conventional 
fluorescence correlation method cannot be used for these 
microscopes . 

In other words, in the double-resonance-absorption 
microscope, as shown in FIG. 58 for example, it is necessary 
to irradiate a sample with a pump light and an erase light (a 
probe light in the case when the transient Raman scattering 
process is used in combination (see [IX. b] ) ) at delicately 
controlled timing. Furthermore, the erase light for inhibiting 
fluorescence is required to have a very high intensity. For 
this reason, even if an appropriate filter is provided on an 
optical path to a-d^tector, stray light from the pump light and 
the erase light^fj^ tiray IJLght from the erase light having a high 
intensit^^ particul/r^^y enter the detector. If only one 
fluorescence molecule is present in the observation area, the 




intensity of the fluorescence signal becomes ^^owerjrelatively 
with respect to the stray light. Hence, even if fluorescence 
correlation is measured, undesired " f luc tuation of the light 
source" is measured. 

To solve the above-mentioned problem9<;^ ^ a '\ novel 
fluorescence correlationmethod in accordance with tslie invention 



&f- ^hc present applica tTo^ is intended so that a fluorescence 
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correlation function leranm) to only a fluorescence phenomenon 
can be measured accurately by a double-resonance-absorption 
microscope using pulse light sources and by other various 
systems . 

FIG. 59 is a view showing the fluorescence correlation 
method of the present invention. In FIG. 59, P designates a 
pulse train of a pulse excitation light (indicated as a pump 
light in the figure) from a pulse light source, such as a pulse 
laser oscillating at a cycle of tcycie and a pulse width of tiaser/ 
indicating that emission is performed intermittently pulse- wise . 
S designates a fluorescence signal train, indicating that a 
fluorescence molecule is making emission at a fluorescence 
lifetime tg depending on the pulse-wise light irradiation. G 
designates the pulse train of a gate signal, a negative signal 
having a cycle of tcycie and a pulse width of tg. The cycle of 
this pulse train of the gate signal is completely synchronized 
with the cycle of the fluorescence emission. The pulse train 
has no phase shift, and has the same pulse width as the width 
of the lifetime of fluorescence. 

FIG. 59 also shows a time period topen wherein the pulse 
of the gate signal for pulse laser control is present although 
no fluorescence signal is present . Since no fluorescence signal 
is present in this time period topen* the time period topen does 
not relate to measurement at all . If an attempt is made to obtain 
a fluorescence correlation function by using the above-mentioned 



Eq. 43 in accordance with the conventional fluorescence 
correlation method in the situations described above in a 
measurement time T, the meaningless integration period topen is 
included in the..^^^calculation . As a result, unnecessary 
f luctuations ^w4?5g tjo detectors and light sources are integrated . 

To solve this problem, in the fluorescence correlation 
method of the present invention, the time period topen appearing 
periodically is eliminated from the integration period, thereby 
improving the quality of the signal. More specifically, the 
fluorescence correlation method of the present invention uses 
a correlation function given by the following equation: 



■4-Jj>, 



" ""•""'f(j-t„.e + t>(j t.,,e + t)dt 



j=o •'^^^y*^'^ 



where i designates an integral multiple of tcycie aijd^given by 
the following equation: 

^^I't^ycle (Eq.46) 

where i designates an integer. 

FIG. 60 shows this relationship. In other words , as shown 
in FIG. 60, the product of a fluorescence signal s (j ) and a pulse 
signal s ( j + 1) is integrated while the phase is shifted completely 
by tcycie multiplied by integer i in a quantization manner . Then, 
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the sum of all j values with respect to n in the measurement 
time is calculated. This results in calculating the numerator 
of the right side of Eq . 45. As for the denominator, the product 
of s ( j ) and s ( j + 1) should only be subjected to the same operation. 
The correlation function G(t)* obtained by the calculation is 
not continuous but has discrete values at intervals of tcycie 
as indicated by Eq. .46 (see FIG. 61). It is needless to say 
that the envelope of the values has the same physical meaning 
as that of G(i) of Eq. 43. 

Hence, in accordance with the fluorescence correlation 
of the present invention, only the fluctuation solely 
o a fluorescence phenomenon can be^detected, without 
including any unnecessary f luctuationsl^wi^ig/to detectors and 
light sources. It is thus possible to achieve fluorescence 
analysis at high sensitivity and high accuracy. 

Furthermore, in the case when the fluorescence correlation 
method of the present invention is used for the above-mentioned 
double-resonance-absorption microscope for example, a pulse 
light source is synchronized with a gate signal for controlling 
the timing of capturing a signal in a detector. In addition, 
f (t) is obtained by measuring a fluorescence signal generating 
intermittently in time sequence . Then, calculation should only 
be carried out on the basis of Eq . 45 by using hardware or software 
means . 
Example 9 
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FIG. 62 is a schematic block diagram showing an example 
of a fluorescent correlation measurement system for achieving 
the fluorescence correlation method of the present invention. 

The whole fluorescent correlation measurement system 
shown in FIG. 62 is basically controlled by a computer 5101. 
First, the computer 5101 generates a reference clock signal. 
On the basis of this signal, the computer 5101 controls the 
oscillation of a pulse laser 5102 serving as a pulse light source, 
controls the drive of a sample scanning stage (not shown) on 
which a sample 5103 is mounted, and controls various data. 

More specifically, the timing of the system conforms 
entirely to the clock signal of the computer 5101. This clock 
signal is frequency-divided by a frequency divider 5104 into 
a frequency at which laser oscillation is possible. First, the 
frequency-divided clock signal is delayed and wave- shaped by 
a gate & delay generator 5105 so as to be converted into a Q 
switch pulse signal for laser control. The oscillation of the 
pulse laser 5102 is controlled by this Q switch pulse signal. 
On the other hand, a pulse signal from the gate & delay generator 
5105, synchronized with the Q switch pulse signal ; is used so 
that the sample scanning stage for the sample 5103 is driven 
in synchronization with the oscillation of the pulse laser 5102 . 
Furthermore, a gate pulse signal , i . e . , a gate signal synchronous 
with the Q switch pulse signal and required for fluorescence 
correlation measurement, is supplied from the gate & delay 
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generator 5105 to a line selector 5108 to be described later. 

The pulse laser beam from the pulse laser 5102 oscillated 
in accordance with the Q switch pulse signal is condensed and 
emitted to the sample 5103 via various optical systems. 
Fluorescence is generated from the sample 5103 at each shot of 
the pulse laseri beam. 

The fluorescence generated at each shot of the pulse laser 
beam is detected by a detector 5106 . The detector 5106 basically 
comprises a spectroscope, such as a diffraction grating, and 
an ICCD camera, for example. The ICCD camera has a basic 
configuration wherein a photoelectron conversion face is 
provided on each of the front and rear sides of a micro-channel 
plate. In the ICCD camera, incident light is converted into 
electrons by the froiit-side photoelectron conversion face, the 
electrons are amplified by the micro-channel plate, and the 
amplified electrons are converted again into light by the 
rear- side photoelectron conversion face. The spectroscope, 
such as a diffraction grating, is disposed ahead of the input 
side of the ICCD camera. In this case, fluorescence generated 
at each shot is subjected to spectroscopic proce:^sing by the 
spectroscope at the detector 5106 and is detected as a 

fluorescence spectrum by the ICCD camera . The total light amount 

( 

in its fluorescence wavelength area is output as an analog signal 
from the ICCD camera. This analog signal is amplified by a 
preamplifier 5107 and input to the line selector 5108. 

161 



The line selector 5108 is a devic 




hat allows one of two 



analog signals input independently (w^ft/ each other to pass 
depending on the polarity of a gate pulse signal. In this 
embodiment, analog fluorescence signals are input to the line 
selector 5108 via the preamplifier 5107 . In addition, the gate 
pulse signal from the gate & delay generator 5105 is also input 
to the line selector 5108 as described above. When the gate 
pulse signal has a negative level, the line selector 5108 allows 
the fluorescence signal from the pre-amplif ier 5107 to pass. 
When the gate pulse signal has a positive level , the line selector 
5108 outputs a ground-level signal, i.e., a zero-level signal. 
The pulse laser 5102 oscillates at the lowering edges of the 
gate pulse signal, and the pulse width of the oscillation is 
exactly equal to the time width of the output signal from the 
preamplifier 5107. For this reason, the fluorescence signal 
passes through the line selector 5108 only during the time of 
fluorescence emission, i.e., the time corresponding to the pulse 
width. This corresponds to the above-mentioned FIG. 59. In 
effect, only the fluorescence signal passes through the line 
selector 5108. 

Intrinsically, the gate pulse signal is generated by 
frequency-dividing the system clock signal of the computer 5101 . 
The pulse f requency of the gate pulse signal is thus an integral 
submultiple of the system clock signal. The output signal of 
the line selector 5108 is sampled at the frequency of the system 
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clock signal. 

The system clock signal also drives a counter 5111. The 
output of the counter 5111 gives the memory addresses of a line 
memory 5110 . In synchronization with this memory address signal , 
the fluorescence signal is digitized by an A/D converter 5109 
and stored in the line memory 5110; By this data transfer, all 
the data in the observation time, required to obtain the 
fluorescence correlation function at the time when a specific 
observation area is irradiated with a laser hd^j^B stored in 
the line memory 5110. 

The data stored in the line memory 5110 is transferred 
to the memory of the computer 5101 via an I/O port 5112 at the 
timing requested by the computer 5101. 

By repeating the above-mentioned procedure , data required 
to calculate the fluorescence correlation function for eachpixel 
is transferred to the memory of the computer 5101 in 
synchronization with the movement of the sample scanning stage 
and laser emission. 

The fluorescence spectrum data stored in the memory of 
the computer 5101 is converted into the fluorescence-correlation 
function for eachpixel by the numerical operation of the computer 
5101. 

This fluorescence correlation measurement system may have 
a configuration wherein the fluorescence image of the sample 
5103, obtained by the irradiation of the light of a mercury lamp 
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or the like, is monitored simultaneously by a CCD camera and 
the image data is stored in a frame memory as necessary. In 
this case, the whole fluorescence image of the sample 5103 can 
be monitored as necessary, separate from a two-dimensional 
scanning image. Furthermore, the computer 5101 carries out 
image display and image processing as necessary . Obtained image 
data is output by an output means, such as a display 5113 or 
a video printer 5114. 

How the fluorescence signal is stored in the line memory 
5110 will be further described below referring to FIG . 63 . FIG. 
63 is a time chart in the case when the S (n) th pulse and the 
S (n+1) th pulse of the pulse train of a fluorescence signal , each 
generated at each laser shot, are input to the line memory 5110. 
In FIG. 63, on the assumption that the fluorescence correlation 
method of the present invention is applied to 
double-resonance-absorption microscopes using the 
double-resonance absorption process or 

double-resonance-absorption microscopes using both the 
double-resonance absorption process and the transient Raman 
scattering process in combination, two wavelength lights , a pump 
light and an erase light (a probe light in the case when the 
transient Raman scattering process is also used in combination 
(see [IX, b] ) ) , are generated by using the laser beam from the 
pulse laser 5102. 

In FIG. 63, the memory access clock signal corresponds 
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to the system clock signal of the computer 5101. The addresses 
of the line memory 5110 are output from the counter 5111 at the 
timing of the memory access clock signal. The clock signal is 
converted into a gate pulse signal (a gate signal in FIG. 63) 
and a Q switch pulse signal via the frequency divider 5104 and 
the gate & delay generator 5105 as described above. The gate 
pulse signal for controlling the line selector 5108 has a negative 
level during the time width tg of each pulse of the fluorescence 
signal and has a positive level during the time width topen during 
which the fluorescence signal is not present. The pulses of 
the pump light and the erase light generate periodically at 
intervals of the time width tcycie- The fluorescence signal and 
the gate pulse signal are output at intervals of tcycie as a matter 
of course . The time widths herein have the relationship of tcycie 

= tg topen • 

FIG . 63 will be described below in accordance with another 
time sequence. First, the pulse signal of the pump light is 
generated by the Q switch pulse signal obtained by 
frequency-dividing the memory clock signal. Then, the pulse 
signal of the erase light delayed by the amount ot an optical 
path is generated. The fluorescence signal S (n) having the time 
width tg is output from the preamplifier 5107 by the pulse signals 
of the pump light and the erase light. The cycle of the gate 
pulse signal is completely synchronous with the cycle of laser 
drive, i.e., the cycle of the Q switch pulse signal. However, 
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the gate pulse signal V ^tduumen, <?ur hm ^e /a negative level (g (n) 
in FIG. 63) , slightly delayed after the generation of the pump 
light and the erase light, and this state continues during the 
time tg. The gate pulse signal repeats this change at intervals 
of tcycie during the time T sufficient to obtain a fluorescence 
correlation. With the operation described above, the line 
selector 5108 supplies the signal generated during the time 
period when S (n) is present to the A/D converter 5109. During 
the other time periods, the line selector 5108 suppl ' 
zero-level ground voltage signal . As a result, signals 
to the fluctuation of the detector 5106 and laser scattering 
light are not output from the line selector 5108 and not input 
to the A/D converter 5109. 

The timing of the sampling for A/D conversion coincides 
with the timing of the system clock signal suppliedby the computer 
5101. Data is written in specific addresses of the line memory 
5110 in accordance with the timing. As important assumptions 
at this time, the frequency of the gate pulse signal must be 
lower than that of the system clock signal , and a piece of digital 
data must be obtained from the fluorescence signal S (n) at least 
at one laser shot. In FIG. 63, sampling is carried out for (g 
+ h) pieces of data in the period tcycie- More specifically, the 
effective fluorescence signal S (n) is subjected to sampling for 
the g pieceis, and the zero level signal substantially irrelevant 
to the fluorescence correlation is subjected to sampling for 
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the hpieces . The sampling frequency thus becomes the repetition 
frequency of the laser oscillation multiplied by (g + h) as a 
tter of course. In other words, the laj^ei^drive pulse signal^ 
the Q switch pulse signaa^ jis obtained by 
frequency-dividing the system clock signal by (g + h) . In FIG. 
63, the digitized data of S (n) is stored in the range of the 
address n(g + h) to the address n(g + h) + g in accordance with 
the addresses specified by the counter 5111. Ineffective zero 
signals are present in the range of the address n(g + h) + g 
+ 1 to the address (1 + n) (g + h) . In this way, the fluorescence 
signal data in the range of S(l) to S (M) is stored in the range 
of the address 1 to the last address inside the line memory 5110 . 

As described above, the fluorescence correlation function 
at one measurement point can be obtained from the fluorescence 
signal data in the range of S(l) to S (M) measured during the 
observation period T. More specifically, the data in the line 
memory 5110 is transferred once to the memory of the computer 
5101 via the I/O. port 5112. As a result, M(g + h) pieces of 
digital data in total are present in the memory of the computer 
5101. It is herein assumed that an array name Dl is given to 
this data group and that the arrays in the range of D(l) to D(M(g 
+ h) ) are used as specific data for the calculation of the 
fluorescence correlation function G(t)*. In this case, since 
the fluorescence data S (n) is present intermittently, t has 
discrete values, that is, only the integral multiple values of 
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(g + h) corresponding to the intervals of the laser repetition . 
When it is assumed that the label of the integer is k, k has 
an integer value in the range of 1 to M. For this reason, the 
function is given as a discrete array group G(k)* at the time 
when numerical operation is carried out inside the computer 5101 . 
By carrying out the integration calculation given by the 
following Eq . 47 in accordance with Eq. 45, the fluorescence 
correlation function G(k)* in the observation period can be 
obtained at each observation point. Since the integration in 
Eq. 45 generates a non- contiguous function, it is changed to 
a form of summation. 



In Eq. 47, integration time periods unnecessary for 
numerical operation are omitted. Hence, the correlation 
function can be calculated without using the line selector 5108 
in principle . Furthermore, when the storage state in the memory 
in FIG. 63 is viewed, zero values are present in the line memory 
5110 during the period topen- A double- summation in 
consideration of the integration period shown in Eq. 47 is not 
always necessary, and the simplified numerical operation of the 
following Eq. 48 may be carried out instead. 



M-Kj(g+h)+g 




G(k)* = 



j=l i=j(g+h) 




j=l i=j(g+h) 



(Eq.47) 
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(M-K)(h+g) 

£D(i + k(h + g))D(i) 

*^(^) ^ ' ' M(h+g) 

|^D(i)D(i) 

i=l 

Since only one summation is performed in Eq. 48, numerical 
operation is processed simply. Operation algorithms and 
hardware design can thus be simplified. 

In the case when correspondence can be achieved for the 
memory addresses wherein the data of the pulse train S (n) of 
the fluorescence signal is present, the above-mentioned 
fluorescence correlation method of the present invention is 
applicable to the system shown in FIG, 56. 

As described above, in accordance with the fluorescence 
correlation method of the present invention, the fluorescence 
correlation function is obtained while eliminating data 
components in periods having no fluorescence signal components 
at all between intermittent fluorescence signals. Hence, 
components other than those of the fluctuation of the 
fluorescence molecule can be eliminated accurately . Therefore, 
Lsuring only the fluorescence correlation function solely 
to the fluctuation of the fluorescence molecule and by 
analyzing the obtained fluorescence correlation function, the 
physical quantities from the sample 5103, such as the transfer 
rate, the viscosity and the number of the fluorescence molecules, 
can be obtained accurately. Furthermore, by making 
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two-dimensional rearrangement in thememory of the computer 5110 , 
the two-dimensional image of the sample 5103 can be formed in 
a diversified manner. In other words, the fluorescence 
correlation method of the present invention can achieve excellent 
fluorescence analysis by fluorescence correlation measurement 
even when a pulse light source is used as an excitation light 
source. 
Example 10 

FIG. 64 is a schematic view showing an embodiment of a 
double-resonance-absorption microscope. The 

double-resonance-absorption microscope shown in FIG. 64 is a 
double-resonance-absorption microscope wherein both the 
double -resonance absorption process and the transient Raman 
scattering process are used in combination. The configuration 
of this microscope is completely the same as that of the microscope 
shown in FIG. 53 (see [IX. b] ) . In this case, an Nd: YAG laser 
51 is used as the light source for a pump light and a probe light, 
that is, a pulse light source. The fluorescence correlation 
method of the present invention can achieve excellent 
fluorescence anaLs^sTs^y measuring the fluorescence correlation 




function sol'gTy.UBi*agyto «SF^uctuation of the fluorescence 
molecule iri^^^^^milar W^ydes.cribed above. 

A similar effect can also be achieved by the 
above-mentioned various double- resonance-absorption 

microscopes using only the double-resonance absorption process"^ 
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the double- resonance -absorption microscopes 
.east a light source for a pump light of a wavelength 
Xi which excites a sample molecule to a first electronic excited 
state from a ground state, a light source for an erase light 
of a wavelength X2 which excites the sample molecule to a second 
electronic excited state or a hiofi^ exci teji-s tate f nom the first 
electronic excited stat^^anj^ ^verlap X^jreaHTS partially 
overlapping irradiating area^of ^he pump light and the erase 




light wi th each otherQ^^j^THMl^n ejrfission area upon deexci tation 
of the sample molecule from the first electronic excited state 
to the ground state is partially inhibited by irradl'ating ^e 
pump light and the erase light through the overlap means y^or 
optical response from the overlapping irradiating areas of the 
pump light and the erase light on the sample is detected. 

Hence, when the fluorescence correlation method of the 
present invention is used for a double-resonance-absorption 
microscope provided with a pulse light source serving as the 
light source for the pump light and the erase light or the probe 
light, a super-resolution is achieved (image formation in 

''A 

spatial resolution of several tens of nm, for example) as 
characteristic of the double-resonance-absorption microscope. 
In addition, various physical quantities can be analyzed and 
mapped two-dimensionally by using the fluorescence correlation 
function. 

The components of the double-resonance-absorption 
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microscope shown in FIG. 64 are the same as those shown in FIG. 
53 . The configuration of the microscope will be described below 
again. 

The double-resonance-absorption microscope wherein both 
the double- resonance absorption process and the transient Raman 
scattering process are used in combination, comprises at least 
a light source for a pump light of a wavelength Xi which excites 
a sample molecule to a first electronic excited state of a singlet 
state from a ground state, a light source for a probe light of 
a wavelength X2 which excites the sample molecule to a second 
electronic excited state or a higher excited state of a singlet 
state from the first electronic excited state (in the case of 
using a singlet transient Raman scattering process) or a light 
source for a probe light of a wavelength X3 which excites the 
sample molecule, transited to a triplet level lower in energy 
than the first electronic excited state from the first electronic 
excited state, to a higher excited triplet level from the triplet 
level (in the of u&xng a tr4rP/I-et transient Raman scattering 

cess) , an\d^QverlaD moanc \^r overlapping a part or all of 




radiating are'as of"the pump light and the probe light with 
ch oth^^ w herci - n A saikple is irradiated with the pump light 
and the probe rXght* through the overlap means, and a transient 
Raman scattering light emitted from an area in the sample where 
the pump light and the probe light overlap with each other is 
detected, as one basic configuration. 
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Alternatively, the double-resonance-absorption 

microscope comprises both of a light source for a probe light 

of a wavelength X2 and a light sourcfeXfor a probe light of a 

) 

waveleri^th X3 , and further comprise(s "'i/radiation time control 
-laerams^for controlling the time to irradiate a sample with the 
probe light of"~^the wayjglength X2 and the probe light of the 
wavelength [ X^^ wIrarcRn ^h^ sample is irradiaj^d^'witk the pump 
light and the-probe lights throtiah the overla]^^ifte=a:m^and by the 
irradiation time controXjne&ftgV^the probe light of the wavelength 
X2 is applied to the sample before the sample molecule transits 
to the triplet level from the first electronic excited state 
and the probe light of the wavelength X3 is applied to the sample 
after the sample molecule transitsN^o the triplet level from 
the first electronic sta^^TCaMsd^ p^ransient Raman scattering 
light emitted from an area""irn— trlie sample where the pump light 
and the probe light overlap with each other is detected, as another 
basic configuration . 

The double -resonance -absorption microscope shown in FIG . 
64 is an embodiment of the latter basic configuration. 

First, by changing the wavelength of the basic wave of 
an Nd: YAG laser 51 using a KDP crystal 52, higher harmonics, 
such as 532 nm, 355 nm, 266 nm, etc. are generated by oscillation . 
By using an optical parametric generator 55, these lights are 
converted so as to have a wavelength Xi wherein a sample molecule 
to be observed can be excited from So to Si, and the light thus 
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obtained is used as a pump light. 

Furthermore, a part of the double harmonic is taken out 
via a half mirror 53, and enters another optical parametric 
generator 56 via a half mirror 54. The light is then converted 
so as to have a wavelength X2 wherein the sample molecule can 
be excited from Si to S2 or a wavelength X3 wherein the sample 
molecule can be excited from Ti to T2, and the light thus obtained 
is used as a singlet probe light or a triplet probe light. The 
probe light is optically delayed by a delay optical system 57 
to obtain an appropriate time difference between the probe light 
and the pulse pump light. The time difference can be controlled 
easily by the parallel translation of a prism 571 mounted on 
the delajr-Dotical system 57. More specifically, by the optical 
delay bwiRo/to the optical path control of the delay optical 
system 57 serving as an irradiation time control means, the 
singlet probe light of the wavelength X2 is emitted to reach 
the face of the sample before the sample molecule makes a 
transition from the first electronic excited state Si of the 
singlet state to the triplet level Ti after the irradiation of 
the pump light. On the other hand, after the irradiation of 
the pump light, the triplet probe light of the wavelength X3 
is emitted to reach the face of the sample after the sample molecule 
makes a transition from the first electronic excited state Si 
of the singlet state to the triplet level Ti , 

The probe light, the irradiation time of which is 
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controlled as described above, enters a dichroic mirror 511 via 
a polarizer 59 and a swaying mirror 510 on its optical path. 
The pump light enters the dlehroirc rni^or 511 via a polarizer 
58 on its optical path. Both^tdi\e"^lij^^ the same optical 

path by virtue of the dichroic mirror 511. The polarizers 58 
and 59 serving as polarized state changing means can freely rotate 
around the polarization planes of the pump light and the probe 
light . 

Furthermore, by controlling the optical path of the probe 
light with respect to the pl^p-^ight^b using the swaying mirror 
TTlKserving as an overlad meeffts , the irradiating areas of the 

'WAr^^: jgpr ^ ^ /^"^^ 

^ld,^ty^ can be overlapped partially with each^ other on the 
condensing plane. The irradiating areas of \^he'*'li^t:;4^ be 
overlapped entirely as a matter of course. However, in order 
to have a higher plane resolution, it is desired that the 
irradiating areas should be overlapped partially and that the 
overlapped area should be made smaller. 

The pump light and the probe light, the irradiating areas 
and time periods of which are controlled as described above, 
are formed by a relay lens 512, enter a half mirr6r 513, pass 
through an objective lens 514, and condense on a sample 515. 
The sample 515 is mounted on a sample scanning stage 516. 

When the singlet probe light is emitted after the 
irradiation of the pump light, a singlet transient Raman 
scattering light is generated from the sample 515. When the 
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triplet probe light is emitted, a triplet transient Raman 
scattering light is generated from the sample 515, 

The transient Raman scattering light passes through the 
half mirror 513, is reflected by a half mirror 517 and enters 
a detecting optical system. The detecting optical system of 
this embodiment comprises a polarizer 518, a lens 519, a pinhole 
520, a lens 521, a transmission diffraction grating 522 and an 
ICCD camera 523. In this case, the transient Raman scattering 
light ^condenses at the center of the pinhole 520 by the lens 
519 via the polarizer 518, and enters the ICCD camera 523 having 
high sensitivity and based on a photoelectric conversion 
principle by using the lens 521 via the transmission diffraction 
grating 522. The pinhole 520 f unc tiiDjis^-s-a-spa^al filter and 
removes fluorescence and the i -i n g from the optical 

system and the like other than the sample 515, thereby being 
capable of raising the S/N ratio of the measurement . Furthermore, 
since the transmission diffraction grating 522 functions as a 
spectrum meter, the optical system can measure not only the 
transient Raman scattering light but also Raman spectra and time 
response for laser irradiation. It is thus possible to analyze 
the chemical structure and composition of the sample 515. 
Moreover, by relatively changing the polarization planes of the 
pump light and the probe light by using the polarizers 58 and 
59, the space orientation information regarding the composition 
of the sample 515 can also be obtained. 
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As described above, the deti&le^^^"tia^onance -absorption 
microscope shown in FIG. 64 thus \a* cfad^v es Jl super- resolution 



microscope of a high- functional analysis type having excellent 

plane and three-dimensional resolutions by measuring a transient 

Raman scattering light. By using the above-mentioned 

fluorescence correlation method of the present invention 

together with the microscope, a wider variety of fluorescence 

analysis can be achieved. 

The double-resonance-absorption microscope using the 

transient Raman scattering process detects a transient Raman 

scattering light from the overlapping areas of the pump light 

and the erase light on the sample. However, the signal that 

can be detected from the overlapping areas of the pump light 

and the erase light on the sample is not limited to the transient 

Raman scattering light, but fluorescence may be emitted from 

the second electronic excited state depending on a molecule. 

It is thus needless to say that the fluorescence correlation 

method of the present invention can be used with the 

double-resonance-absorption microscope for detecting optical 

response from the overlapping areas /6f boc^i lights. 

V. 



^^s described above in detail , the^^inv^ytion ^ th e preociv fe] ) 




apylicaLiuxy provides a novel fluorescence correlation method 



capable of accura^re^y measuring a fluorescence correlation 
function solely xwiss^ to a fluorescence phenomenon even when 
a pulse light source is used . 
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ABSTRACT 




The present invention provides variousi LMjfijIl i iJ-q^^e^ udqct ^ 
^^^e^a double-resonance-absorption microscope which realizes a 
super-resolution by-narsixigY^/do resonance absorption. 

Oiiy LLLhiil Li iji*, iVi^j-u. la ]>4>a,wX4Ug ^a double-resonance-absorption 



microscope ^CTtnj gjriging a light source for a pump light of a 
wavelength Xi which excites a sample molecule to a first 
electronic excited state from a ground state, a light source 
for an erase light of a wavelength X2 which excites the sample 

molecule to a second electronic excited state or a higrher excite 

^f^^) ^^^^^^ ^ 

state from the first electronic excited s tat/ev and 'o3g^rlap mean? 



for partially overlapping irradiatinc 



the pump light 



and the erase light with each othdir^ w ho - r o i n An eipission area 



upon deexcitation of the sample molecule^ to^^e ground state 
from the first electronic excited state is partially inhibited 
by irradiating tSe^p^ump light and the erase light through the 



overlap means^ 



the erase light, a spatial f 



a collimate 





an optical path of 



h has a condenser len. 



len^^nd a pinhole therebetweejr^^nd peri 
condensing of the erase light onto the pinhole by the condenser 
lens and collimating of the erase light passed through the pinhole 
into a parallel beam by the collimate lens. 
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